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THE MULTIPLEX COST AND RATE SYSTEM 


BY OTTO B. GOLDMAN 


Abstract of Paper 

The author gives the method of determining the cost of ser¬ 
vice having a variable demand, with special application to elec¬ 
tric service, because the cost does and must always determine 
the selling price;competition and commissioners can only regulate 
the profit therein contained. Competition is destructive, 
involving an immense amount of unnecessary expenditure and 
lost motion. In order to insure the lowest price to the consumer 
we must have regulation, and monopoly. The author starts 
with the premise that an equipment must earn its cost and 
profits when in use; certainly it cannot do so when idle. The 
greater the percentage of total time an equipment or part thereof 
stands idle, the more it must earn when in use, because interest, 
etc., runs continuously. The subject is a big one and of tremen¬ 
dous import not only to the electric business, but to all business, 
and it has been the center of discussion for many years. It is 
now time to get down to absolute proofs of every conclusion, 
based upon fundamental facts. 

SUBJPXT of rates has received much attention of late, 
1 due naturally to its importance, and consequently many 
'‘systems’’ more or less related have been devised. A system is 
simply an attempt to straight-jacket judgment and make it all 
good. It must be correct or it is worse than none, and in order 
to be so, there must appear in the derivations no unbased assump¬ 
tion, such as are so often found. It must be apparent at once 
that no rate system can really be devised until a cost system has 
been obtained. For cost governs 'price, competition—and 
railroad commissions—only the profit therein contained. The 
multiplex cost system is a means of determining the cost of a 
variable service such as power service, gas, transportation, 
etc. In presenting this, I wish to acknowledge my indebtedness 
to the ability and patience of Mr. F. D. Weber, for valuable 
assistance. We are presenting the following only in its applica¬ 
tion to electric power service. 

The demand for electric power service varies greatly during 
the day, from a very light night load, a tolerable day load, to an 
excessive peak load. Besides this we have seasonal variations 

1 
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of load. That miivSt mean that part of our equipment is idle or 
only partly used during the and year. We have here as¬ 
sumed that an equipment must pay for itself when in use—cer¬ 
tainly it cannot do so when idle. As usual, we consider our costs 
as divided into two parts: ( 1 ) fixed charges, being all costs per¬ 
taining to an equipment when standing idle, and ( 2 ) operating 
costs, being all additional costs. It is evident that the first are 
continuous, the latter intermittent, depending on use. But the 
entire or total fixed charges for the year must be paid for during 
those hours in the year that the equipment is in use. Thus if F 
represents the fixed charges per year of a given equipment and N 
the number of hours in the year that the equipment is used, then 
F/N is the fixed charge cost per hour. This becomes 7^/24 X 365 
only when the plant is in continuous use. 

Daily Variations 

In actual power service, we have primarily to consider the load 
variations during the day. In treating this variation, we con¬ 
sider the day divided into a number of periods. The greater the 
number of periods the more exact our results may be made, but 
the more intricate. Where we have two periods, we have the 
duplex system; where three, the triplex, etc. The latter we will 
now treat, calling the three periods the night, day and peak 
periods. Let us call Mi the maximum demand during the 
night period, Ki the mean demand, and INi the duration in 
hours of the night period; similarly ikf 2 , i?* 2 and N.^ for the day 
period and Mz, Kz and Nz for the peak period, where Ni + N'z + 
Nz = 24. We consider the total number of customers as divided 
into three classes according to the periods in which they demand 
service, charging each class with the cost burden that it places 
on the equipment, except as modified by the relation of one 
period to the others. In* the above the night customers need an 
equipment of size Mi^ the day customers one of size and the 
peak customers one of size 'Mz> vSince ikfi < < Mz, the 

equipment of size M i is needed throughout the 24 hours, that of 
size — Ml for ^2 + ^3 hours and that of size Mz — M% for 
Nz hours. For the present we will assume that the conditions 
assumed above are the same for each day of the year. Later we 
will consider seasonal variations. 

Let us call C the cost of equipment per kw. and P the per cent 
of fixed charges, per year, so that CP becomes the fixed charge 
cost per kw-year. For the night period size we have Mi CP as 
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the total annual fixed charges and since this part of the equipment 
is in use 24 hours per day the fixed charge cost per hour becomes 
MiCP/365 X 24 or MiCP/SGS X 24 Ki per kw-hr.,so that we 
have for the fixed charge cost per hour 

^ MiCP MiCP ... 

~ 365 X 24 X Xi “ 365 X {N, + + N,) Ki ^ ^ 


During the day period we have for the total fixed charge cost per 
hour 


MiCP {Mi - Ml) CP 

365 (iVi + iV2 + iVa) 365 (iVa + iVs) 


Dividing this by the mean load during this period we get 



CP 


365 Ki 


Ml . {Mi — Ml) ”j 

{Ni + iVa + Ni) {Ni + iVs) J 



which is the fixed charge cost for this period. During the peak 
period we have for the total cost per hour 

MiCP _ {Mi-Ml) CP {Ni-Mi)CP 

365 {Ni d" Ni d” 365 {Ni d" Nz) 365 Nz 


whence the fixed charge cost per kw-hr. becomes 



CP 

365 Kz 


Ml 

{Ni d" Ni d~ Nz) 


{Mi-Ml) {Mz-Mi)~\ 
{Ni d- Nz) Nz 



If now' w^e call 0i the operating cost per hour during the night 
period, O 2 and Oz those during the day and peak periods respec¬ 
tively, then our costs (total) per kw-hr. become for the night, 
daj' and peak respectively: 



CP 

r ' Ml 1 

+ 

r 0 i 1 

365 Ki 

..(Ml d- Ms d- 'Nz)J 

L Ki J 



Ri = 


CP 


365 Ki 


Ml 




{Mi - Ml) 


{NI d” Ni -f- Nz) IV 2 d" Nz 


] 


d- 


O 2 

Ki 


( 6 ) 
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R. = 


CP r 


365 Ki 


M, 


+ 


- Ml) 


.{Ni + ATa + N^) ' {N, + Nn) 


w ,—J 




This is, as stated above, on the basis of continuous use at the 
rates stated throughout the year. 

Seasonal Variations 

Taking into consideration the variations of load during the 
year we will usually find a comparatively light summer load, a 
medium spring and fall load and a very heavy winter load. That 
means that not only must part of our plant be idle part of each 
day, but that part of our equipment must lie idle often for months 
at a time, due to the above-mentioned conditions. Again, as 
above, in the daily load variations, the aggregate of those cus¬ 
tomers causing any special burdens on the equipment must pay 
for the burden they create by their demand. To determine this, 
we proceed as follows. Consider the year as divided into, say, 
three periods, the minimum ot Di days duration, the mean of 
Dz days duration, and the maximum of Dz days duration. As 
above, let us call ikfi, and Mz the maximum demands for 
the night, day and peak periods respectively of the first or mini¬ 
mum period of the year, similarly K^, and Kz the mean de- 
niands in kw., and iVi, iV^ 2 j and Nz the lengths in hours of the 
night, day and peak periods, where Di -f- “H -^s ~ 365. Then 

for this minimum period, the equations (4), (6) and (6) again 
hold. 

For the mean period, let us call 

Ml', M2', and Mz', the maximum demands 

Ki, K2', and Kz', the mean demands 

Ni,N2, and Nz, the length in hours, and 

Or', O 2 ', and Os' the operating cost per hour of the night, day 

and peak periods respectively. Then during the night period we 
have for the cost per hour 

-._L Ml'-Ml 

(Di +D 2 + Ds) {Ni + Ni + Ns) (Ds+Ds) (Ni+N^+Ns) 

+ Oi' 
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whence the cost per kw-hr. is 



CP 

{Ni + iVs + Nz) IW 


Ml _ Ml' -.Ml " 

Di + + Dz D 2 + Dz - 




During the day period, we have for the cost per hour 

_ MiCP _ (Ml'-Ml) CP 

(JDi “f" D2 Dz) "i” ^2 "h (D2 “h Pz) 

(M2 " Ml) CP M2' -M2 CP ^ ^ 

{Di + D2 + Pz) {N2 + Nz) {P2 + Pz) {P’2 + ^^ 2 ) 


whence the cost per kw-hr. becomes 


CP 

i 1 

r Ml 

Ml — Ml "1 

K2' 

( N2 4“ Pz) 

L Pi 4“ P2 4“ Pz 

P2 •\-Pz J 


1 M 2 ~ Ml _, M 2 ' -'M 2 1 ) , O 2 ' /Q\ 

{N 2 + Pz) _ Pi 4 “ P 2 + Pz D 2 + D 3 J ) K 2 


During the peak period, we have for the cost per hour 


_ MiCP _ (M2 - Ml) CP 

{Pi 4 " ^2 + Pz) {Pi + P2 + Pz) {Pi + + Pz) (iV’2 + fV3) 


(Ms - M2) CP {Ml' -Ml) CP 

(Di + P2 + Pz) Pz {P2 +■ Pz) {Pi + ^7^2 4“ ATs) 


. (M2' - Ms) CP {Mz' ~ Ms) CP 

(D2 4-P3) (iVs 4-iVs) (P2 4-I>3)iV3 ® 
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Dividing this by the mean load, we get 




CP 

K^' ( {Ni + iV ’2 + Nz) 


[pi 


M, 


-j- T)^ -j-. T)^ 


, (ifi' - Afi) ~i 1 r ikfs - ii/, 
(I>2 + £>3) J (iVz + iVs) {_ 


4" jDa + Z?i 




ilfs'-Jlfj 




Mi - Mi 


Di 4* Z?2 4" D- 




Mi' - Mj 

Di 4" Di 


■]} 


+ 


Oi 


K: 


( 9 ) 


For the maximum period let us call 

^ -^3", the maximum demands 

1 J -^2 , and Kz J the mean demands 
N1, Ni, and Ni, the length in hours, and 

day 

Then during the nieht nerin^ 2 ^ maximum period. 

g P of this season, we have for the cost 


per hour 


MiCP 


(^■^rar+lW 57 +A + £y+ 


, Ml" - M. ' 

cw+ivT+ivyD; + 


Whence the cost per kw-hr. 


IS 


R^" = ri^ _r 

(Wj + iVa 4-W3) iTi" L 


M 


1 ■ {Ml' - Ml) 


{Di 4- -Da 4- Di) + 1 : 07 +:^ 


0/ 

Di J + ■ 


KP 


( 10 ) 
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we get, for the cost per kw-hr. dtrring the day period, 




CP i 1 

K^' \{N, + + Ni) 


_ 


M, 


+ 


Ml' - Ml 


Dt "h Pz Pz "h Pz 




Ml"-Ml' 
Pz 


+ 


1 


{Ni -f" iVs) 


APi 


(Ms - Jlfi) 
-i- Pi "h Pz) 


+ 


Mi' - Mi , Mi"-Mi'l ] , Oi" 


{Pi + Pz) 


+ 


P'. 




+ 


V 0 

iVs 


i>-n.ci for the peak period 




1 


CP 


K 4 ' i (Ni + Ni+Nz 


Ml (Ml' -Ml') 

iiPi + Pz + Pz)'^ (Pz + Pz) 


+ 


Ml" - Ml' 
Pz 


+ 


[ 


(Mi - Ml 


(Ni + Nz) \_{Pi + Pi + Pz) 


, (Mi' - Mi) , (Mi 

f T\ I \ "l 


tf 


(Pi + Da) 


P 


- Ma') J 


+ 


Ni 


Mz - Ml 


_{Pi + Pi + Da) 


(Ma'-Ma) , W - 
(Pi “h Da) -1-^3 


" -Ma'I 
Da J 




Oa" 

iCa" 


I^or brevity’s sake we are leaving out, for the present, the case 
of more than three periods in the year and the rather important 
eoTxdition where in each of the seasonal periods, the correspond- 
iiTLg p)eriods of the day are different, i.e., where we have for the 
lo'ng''bTn of the night, day and peak periods, Ni, Ni and Nz during 
flae imiinimum period, Ni,' Ni' and Nz' during the mean period, 
JNi", Ni” and N/ during the maximum period. We will 
iias-tead proceed at once to show the application of a concrete 
c^caxiaple under the first case. This application is merely il- 
Ix.xs'tra.tive. 

Application of Case I 

In computing the cost of power in the following, we have seg' 
rciga-ted each factor contributing thereto; i.e... generation, trans¬ 
mission, transformation, and-distribution. This must be done 
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in every practical example, as it usually happens that we have 
customers taking power directly at the power house, or along the 
transmission line, who naturally would not be chargeable for 
that part or parts of our entire equipment that is not needed to 
serve them. Let us assume then that we have at the generating 
plant the following conditions; 

4000 kw. maximum demand in the night period 
13000 “ day “ 

20000 “ « peak 

4000 kw. mean demand night period 
10000 “ “ « day 

18000 “ « « peak 

7 hours duration of night period 
11 “ day 

6 “ peak 

So also cost of generating plant and step-up transformers per kw. 
of capacity $150.00, and per cent of fixed charges (annual) 
13 per cent. Then our fixed charges are 

150X13% = $19.50 per kw-year, or 
19.50/365 == $0.0534 per kw-day. 

Reasonable consideration must be taken of the future, so that 
a. growth factor must be allowed, because increases must be made 
in reasonable size units. What a reasonable growth factor is can 
only be determined in each individual case. In any plant under 
consideration, that growth factor actually existing should be 
allowed unless it is apparently unreasonable. Let us assume that 
this growth factor in our case is 20 per cent, then we have for 
our fixed charges $0.06408 per kw-day, which becomes 0.06408/ 
24 or $0.00267 per kw-hr. for the night period. 

During the day period we have for our cost per hour 

(4000 X $0.00267 + 13,000-4000) X $0.06408/17or $44.61 

The mean load being 10,000 kw., we get for the fixed charges 
44.61/10,000 or $0.004461 per kw-hr. 

During the peak period, we have for the cost per hour 

20,000 - 13,000 X 0.06408/6 + 9000 X 0.00377 + 4000 
X 0.00267, or $119.37. 

Since our mean load is 18,000 kw., we get for our fixed charges 
119.37/18,000 or $0.00663 per kw-hr. 
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If our operating costs are 

$0.00020 for the night period, per kw-hr. 

0.00014 “ “ day “ “ “ and 

0.00011 “ “ peak “ “ “ 

then our total production cost per kw-hr. becomes 

0.0002 -f 0.00267 = 0.00287 for the night period 

0.00014 + 0.004461 = 0.004601 for the day period 
0.00011 + 0.00663 = 0.00674 for the peak period. 

For the transmission line we will assume a co.st of 25 cents per 
kw-mile with a fixed charge cost of 15 per cent, and 50 miles of 
transmission to the first substation. Then the fixed charge cost 
per kw-mile-ycar is 0.25 X 0.15 = 0.0375, and per day is 

0.0375 / 365 = 0.000103, which becomes for the total 50 
miles, after allowing for the growth factor as before, 

(0.000103 X 50) 1.20 = 0.00618 per kw-day. 

For the night period then we have 

0.00618/24 = 0.000258, the fixed charge cost per kw-hr. 

During the day period, we have the cost per kw-hr. for the 
added eqtripment. The added equipment is 

13,000- 4000 = 9000 kw., whence the cost per hour is 

9000 X 0.000363 = $3,267 -|- 
4000 X 0.000258 = $1,032 

or a total of $4,299. Whence the fixed charge cost per kw-hr. is 
4.299/10,000 = $0.0004299 

During the peak period, we haA^e for the added equipment the 
fixed charge cost per kw-hr. of 0.00618/6, or 0.00103. The added 
equipment is 

20,000 - 13,000 = 7000 kwn, whence we have 
7000 X 0.00103 = $7.21 + 

9000 X 0.000363 = 3.267 -f 

4000 X 0.000258 = 1.032or a total of $11,509 

Whence the fixed charge cost per kw-hr. is 
11.509/18,000 or $0.0006394 

Taking for the operating costs per kw-hr. the following: 
$0.00002778 during the night, 

0.00001667 during the day and 

0.00001125 during the peak, we get for the total transmis 
sion costs per kw-hr.; 

0.000258 + 0.00002778 or $0.00028578 for the night 

0.00001667 -f 0.0004299 or $0.00044657 for the day 
0.00001125 -t- 0.0006394 or $0.00065065 for the peak period. 
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We now come to the substation No. 1. Suppose here we 
have for maximum demands 

1000 kw. during the night period 
2000 " « « day « and 

4000 " " « peak " 

and for the mean demand 

900 kw. during the night 
1500 “ " “ day, and 

3600 " “ " peak period 

The length of each period being taken as before, while the cost 
or investment per kw. at the substation is taken at $15.00 and 
the per cent of fixed charges per year is taken at 10, then the 
fixed charge cost per kw-year is 15.00 X 10 per cent, or $1.50, 
while the fixed charge cost per kw-day becomes, after allowing 
for growth factor as before, 

(1.60/365) 1.20, or, $0.00492. 

For the night we have for the cost per kw-hr. 

(0.00492/1000)7(24 X 900) or $0.000228. 

For the day period we have for the fixed charge cost per hour 

(2000 - 1000) X 0.00492/17 or $0.29 + 

1000 X 0.000205 or 0.205, or a total of $0,495, i, e,, 

0.495/1500 or $0.00033 per kw-hr. 

' \ 

During the peak period, we have for the fixed charge cost per 
hour 

(4000 -2000) X 0.00492/6 or $1.64 + 

1000 X 0.00029 or $0.29 + 

1000 X 0.000205 or $0,205, or a total of $2,135 

Whence the cost per kw-hr. becomes 

2.135/3600 or $0.000593. 

If our operating costs at the station are 

0.00067 per kw-hr. during the night, 

0.000417 per kw-hr. during the day, and 
0.00028 per kw-hr. during the peak period, 

then we have for our total substation costs 

0.00067 + 0.000228 = $0.000898 per kw-hr. (night period) 
0.000417 + 0.00033 == 0.000747 " « (day period) 

0.00028 + 0.000693 = O.OQ|p873 « " (peak period) 
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Summarizing to substation No. 1, we have: 

During the night period 

Generating cost per kw-hr. $0.00287 
Transmission “ 0.0002858 

Substation 0.000898 

Total 0.0040538 

which at 95 per cent efficiency becomes $0.00416 per kw-hr. 
During the day period, we have 

Generating cost per kw-hr. $0.0046 

Transmission “ 0.0004467 

Substation 0.000747 

Total $0.005793,whichat95per cent 

efficiency becomes $0.0061 per kw-hr. 

During the peak period, we have 

Generating cost per kw-hr. $0.00674 
Transmission “ “ “ 0.00065065 

Substation “ 0.000873 

Total $0.00826365 

which at 95 per cent efficiency becomes $0.0087 per kw-hr. 

If the distance from substation No. 1 to substation '^o. 2 is 
50 miles, that will make our total distance, from the generating 
plant to substation No. 2,100 miles, so that, other conditions 
being assumed equal, our transmission cost to substation No. 2 
will be double that to substation No. 1, or 

$0.000572 per kw-hr. for the night period 
0.000892 “ '' '' day “ 

0.0013 peak “ 

At substation No. 2 we have for the maximum demands 

3000 kw. during the night, 

11000 kw. during the day, and 
16000 kw. during the peak period. 

Mean demands 

3000 kw. during the night, 

8500 kw. during the day, and 
14400 kw. during the peak period. 

Investment $11.00 per kw. of capacity. 

Fixed charges 10 per cent. 

11.00 X 10 per cent = $1.10 fixed charge cost per kw-yr. or 
1.10/365 = 0.003 per kw-day, which,allowing 20 per cent growth 
factor, gives $0.0036 per kw-day total. 
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Whence for the night period we have 

0.0036/24 or $0.00015 per kw-hr. 

During the day period we have 

(11,000 - 3000) X 0.0036/17 = 1.69 and 
3000 X 0.00015 = 0.45 

or a total of $2.05, whence 

2.05/8500 = 0.00025, fixed charge per kw-hr. 

During the peak period, we have 

(16,000 - 11,000) 0.0036/6 = $3.00 

8000 X 0.00021 == $1.69 

3000 X 0.00015 = $0.45 

Total $5.14 

Whence the fixed charge cost per kw-hr. becomes 

5.14/14,400 or $0.000357. 

If the operating costs are 

0.000263 per kw-hr. during the night, 

0.000194 per kw-hr. during the day, and 
0.000162 per kw-hr. during the peak, 

then our total costs at substation No. 2 per kw-hr. become 

0.000263 + 0.00015 = 0.000413 for the night 

0.000194 + 0.000252 = 0.000446 for the day, and 
0.000162 -f 0.0003275 = 0.0004895 for the peak period. 

The total costs to and including substation No. 2 then become 


for the night period 

Generation.0.00287 

Transmission.0.000572 

Substation No. 2.0.000413 

Total.0.003855 


If the efficiency to and including substation No. 2 is 90 per cent 
this total becomes 0.004283 for the available power. 

For the day period, 


Generation.0.00461 

Transmission.0.000892 

Substation No. 2.0.000446 

Total.0.005948 


which at 90 per cent efficiency again becomes 0.006610. 
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For the peak period, 


Generation.0.00674 

Transmission.0.0013 

Substation No. 2.0.0004895 

Total.0.00853 


which at 90 per cent efficiencj^ becomes $0.00948. 

Distribution No. 1 for Service from Substation No. 1 
We have now to get the cost of our distribution system per 
kw-hr. Suppose here we have an investment of $100.00 per 
kw. and that the per cent of fixed charges is 12, then 

100.00 X 12 per cent or $12.00 is the fixed charge cost per 
kw. per year, 

or 12.00/365 = 0 . 33 , the fixed charge cost per kw. per day, 

and allowing 20 per cent for growth factor as before, our fixed 
charge per kw. per day becomes $0.0396. 

For the night then we have 
0.0396/24 = 0.00165 

(0.00165 X 1000)/900 = 0.00183 fixed charge cost per 
kw-hr. 

During the day we have 

(2000 - 1000) X 0.0396/17 = 2.33 
0.00183 X 1000 = 1-83 

Total.4.16 

4.16/1500 = $0.002774 per kw-hr. 

During the peak period we have 
(4000 - 2000) (0.0396)/6 = $13.20 
1000 X 0.00233 = 2.33 

1000 X 0.00183 = 1-83 

Total.$17.36 

17.36/3600 = $0.00482 per kw-hr. 

Assuming then that the operating costs per kw-hr. are 

0.00049 during the, night 
0.00043 “ “/, day, and 

0.00038 “ I peak period 

then our total costs per kw-hr. become 

0.00049 -f 0.00183 = 0.00232 during the night 
0.00043 + 0.002774 = 0.0032 during the day 
0.00038 + 0.00482 = 0.0052 during the peak period. 
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If the efficiency of our distribution system is 90 per cent, then 
the above become for the total cost per kw-hr. of available power, 

$0.0026 for the night period 
0.00356 for the day period, and 
0.00578 for the peak period. 

The cost of the power to and including distribution per kw*hr. 
then is 

0.0043 + 0.0026 = $0.0069 for the night period. 

0.0061 -f 0.00356 = 0.00966 for the day period. 

0.00863 ~h 0.00578 = 0.01441 for the peak period. 

Distribution No. 2 

From substation No. 2 we have distribution system No. 2. 
Suppose that the investment per kw. of capacity here is $90.00 
and that the per cent of fixed charges is 11, then the fixed charges 
per kw-year are 90.00 X 11 per cent or $9.90 or $0.0271 per kw- 
day. Allowing again 20 per cent for growhh factor, this becomes 
0.0325. 

For the night period then we have 
0.0325/24 = 0.00135 fixed charges per kw-hr. 

For the day period, we have 
(11,000 -3000) X 0.0325/17= $15.20 


3000 X 0.00135.= 4.05 

Total. 19.25 

19.25/8500 = 0.00226 per kw-hr. 

For the peak period we have 

(16,000 -11,000) X 0.0325/6 = $27.00 

8000 X 0.0019.= 15.20 

3000 X 0.00135.= 4.05 

Total.$46.25 

46.25/14,400 = 0.0029 per kw-hr. 

If the operation costs per kw-hr. are 
0.000375 during the night 


0.000325 during the day and 
0.0003 during the peak period 

then the total costs for distribution under system No. 2 are 

0.000375 + 0.00135 = 0.001725 for the night. 

0.000325 -h 0.00226 = 0.002585 for the day. 

0,0003 + 0.0029 = 0.0032 for the peak period. 
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At 90 per cent efRcienc}^ of our distribution system, these 
become 

0.001917 for the night 

0.00287 for the day 

0.003555 for the peak period based on available power. 

The total costs to and including distribution system No. 2 are 

0.004283 + 0.001917 = 0.0062 for the night 

0.00661 + 0.00287 = 0.00948 for the day 

0.0035.55 + 0.00948 = 0.13 for the peak period. 

The Multiplex Rate 

Having determined the cost of service, we have now to deter¬ 
mine the rate. In order that a rate be of practical use, it must 
be fairly simple, and in effect such that it redounds to the best 
interest of both the consumers and the power company. Let us 
first take up the matter of simplicity. In applying this rate, 
we add to the previously detennined cost of service a certain 
percentage of allowable profit, which should depend on the 
efficiency of the system. In order then to apply the multiplex 
rate it seems that a time-wattmeter would be necessary for each 
installation, and this would be impracticable. But this is not 
at all necessary. The vast majority of small power users are 
residential light customers. The time when and the number of 
hours that they demand service, are practically the same for 
all of them. A test will show what percentage of their load is 
in each period, and knowing this we can at once calculate a flat 
rate per kw-hr., or per lamp, as we choose, based not on guess¬ 
work but on knowledge of the cost of that service and what that 
service consists of. So we can classify and give a flat rate to any 
service, as residential lighting, commercial, or street lighting, 
etc., that allows of group classification. In these cases we 
would actually simplify the rate, i. e., for any given season, al¬ 
though we would have to vary the rate in each season to take 
care of the variation of the cost of service in the diffeient periods 
of the year. In the remaining cases that do not allow of group 
classification, we would have to resort to time-wattmeters or 
agreements restricting usage without special permit. Thes... 

would be mostly the larger power users. 

In giving a rate based on cost of service, we are treating each 
and every customer impartially and arc therefore creating a 
feeling of mutuality between the power company and the cus- 
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tomers. That is a valuable asset. Not only that, but a rate 
based on cost automatically tends to discourage the use of 
power at such a time that it would tend to increase the average 
cost. It would tend to encourage the use of power at such times 
that the average cost would be reduced, i. e,, the demand would 
gravitate as much as physically possible to the time of lowest 
cost. This means that the valleys in the load curve will tend 
to fill up. Growth will be along natural, healthy lines, instead 
of artificial. 

In an excellent resume on rates, Mr. Stacy Hamilton presented 
before the Northwest Electric Light and Power Association at 
its joint meeting with the Pacific Coast meeting of the A. I. E. E., 
Spokane, Wash., September 9-11, 1914, a paper which not only 
aptly illustrates present-day rates but present-day incongruities— 
and some of these unwittingly. He states, for example, ‘‘There 
are two general basic theories on which a system of rates may be 
established, L the cost of service theory, and the value of ser¬ 
vice theory.” He says further: “Under the cost of service 
theory we have, at one extreme, the attempt to differentiate in 
proportion to the exact cost to each individual condition of ser¬ 
vice. This must necessarily result in a schedule so complicated 
as to be entirely impracticable. At the other extreme we have 
a general average or uniform rate to all customers based on the 
general average cost of rendering service to all consumers.” As 
a matter of fact there are at present neither rates based on the 
cost of service nor on the value of service. Before we can have a 
rate based on cost of service, we must know definitely the cost 
of service; before we can have a rate based on the value of service, 
we must definitely know the value of the service in each individual 
or group case. The value of a service is not what it costs but the 
profit it earns. For example, we may be manufacturing a cer¬ 
tain article. Suppose that wages increase and at the same time 
the selling price of the article decreases. Then it is evident that 
the cost of the service has increased at the same time that the 
value of the service has decreased. So that before we could make 
a pte based on value of service, we would have to know in detail 
our customer's business. Such a rate would have to decrease 
in times of business depression and increase in good times. Under 
such a rate the value of service may decrease while the cost of 
service remains stationary or even increases. Such a rate does 
not exist nor ever will exist, for the reason that the fundamental 
basis of any charge must always be the cost; competition and 
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commissions can only regulate the profits, to which the latter 
may add by way of regulation the proper distribution of the 

costs to individual or group cases. 

Respecting rates based on cost of service, wx have said that 
such do not exist, nor can they exist until the cost of service 
has been determined as is first done in this article. We have 
shown above that the application of a rate based on cost in the 
multiplex form, used with good judgment, is not any more com¬ 
plicated on the average than present rates. The so-called uni¬ 
form rate is not based on the cost but only on average (annual) 
cost. Such rates cannot be in proportion to costs. An assump¬ 
tion that they are so would involve errors of over 100 per cent; 
that is, absolutely valueless results. Power service is a natural 
monopoly, i. e,, this service can berendered better and cheaper 
under such conditions than under competition. Competition 
then becomes a farce at the expense of the public. But having 
a monopoly, a distinction between competitive ” and non¬ 
competitive business becomes discrimination. Present rates 
are based on this, that they must collect enough annually bo 
pay for the cost of service for the year, plus a profit that can be 
collected. With respect to the form of the rate so that a proper 
distribution of the charges may be made, there has been up to 
the present no basis whatever. 

At present, commissions allow power companies annually the 
annual cost of service exclusive of interest on invested moneys 
and a certain return on the invested moneys, usually 8 per cent. 
Inasmuch as the cost of money is as definite as the cost of copper 
wire, it would seem to be better to determine the entire cost of 
service and then allow a certain percentage of profit or a com¬ 
mission for the execution of'this service. And this commission 
should be in proportion to the efficiency of the system, the degree 
of wisdom and foresight displayed in necessary investments, the 
ability displayed in the development of business, etc.; in other 
words, the quality, price also considered, of the service. Thus 
an efficient power company should receive a greater return than 
an inefficient one. 

It is time to develop in these matters along broad and perma¬ 
nent lines, and we trust this papex- will assist in some degree in so 
doing. We have had to abbreviate the presentation greatly, but 
we hope not so much so, as to sacrifice clearness, so far as we have 
carried matters in this discussion. 
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Discussion on ‘‘ The Multiplex Cost and Rate System 
(Goldman), Portland, Ore., January 5, 1915. 




Julian Lobenstein (by lelter): Mr. Goldman discusses 
what he calls growth factor. Jnst what does he mean by that 
term? It seems that since he increases the fixed charges in order 
to take care of future growth, he expects to make exteiivsions 
from earnings. This has been done in the past, but will the 
public service commissions permit it in the future? In other 
words, according to modern practise, extensions should be 
made from capital, not from earnings. Of course, if the com¬ 
pany is in a position to pay a fair dividend but prefers to in¬ 
vest the dividend moneys in extensions, capitalizing those 
expenditures, no commisvsion would find fault; but it is far 
from likely that two charges will be allowed as part of the rate, 
one to take care of future extensions and another allowed, in 
itself large enough to yield a fair dividend. 

That this is the stand taken is shown in the decision of the 
New York Public Service Commission, First District, in the 
case of the Queensborough Gas & Electric Light Co., decided 
June 23, 1911. Commissioner Maltbie says: 

“ Furthermore, it is not reasonable to require consumers to 
pay higher rates than they otherwise would be required to pay 
in order that these higher rates may provide funds from which 
to construct additional plant, which becomes the property of 
the company. Such plant and property is ordinarily paid for 
out of capital, but whether this course is followed or the vStock- 
holders voluntarily relinquish a share of their dividends in 
order to increase the. value of their property, has no relation 
to this case. Suffice it to say that the consumer should not 
be required to pay higher rates and thereby make a donation 
to the company or to its stockholders.” 

_ And again in the case of the Central Yellow Pine Associa¬ 
tion vs. I.C.R.R.Co., 10 I.C.C. Rep. 505, the Insterstate Com¬ 
merce Commission says: 

“.this CommiSvSion cannot properly permit an 

advance in rates with the intent to produce an accumulation 
of surplus for this purpose.” (This purpose being the making of 
extensions.) 

Perhaps Mr. Goldman means to use this 20 per cent charge 
for the amortization of inadequate and obsolescent machinery, 
machinery made inadequate by the growth of the plant. If 
that is the case, why not call it by a more descriptive and better 
known name? Why not call it depreciation reserve? 

L. C. Tomlinson (by letter): The scientific investigation of 
the exact premises upon which to found all systems of charges 
for all public utilities is now attracting the thought of unbiased 
men outside of the employment of the companies supplying 
the public service or associated with companies in other fields 
of activity. 
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Until the last few years the subject of systems of charges has 
been discussed in printed articles or public addresses in almost 
every case by persons in some way allied with companies supply¬ 
ing the service under consideration. We find a man expound¬ 
ing his own views on a new rate just established by his com¬ 
pany that will be more attractive to the consumer than all 
the rates now in existence; or an address will be given in which 
a number of rates that have proved the best business getters 
will be explained by concrete examples. However, in practically 
every case, these new rates have been only new methods of 
presenting the gross bill to the consumer; merely examples of 
the art of bill-making. In no case is the true fundamental 
system of charges given more than a passing thought. 

Mr. Goldman takes for his foundation the exact premise 
that all systems of charges formed by purveyors of public 
utilities must be based upon the costs of supplying a specific 
utility. While he does not say so, he implies that the elements 
upon which the costs depend are demand, quantity and time. 
These three elements are the base of all systems of charges for 
all public utilities, as I have shown in an article in the Elec¬ 
trical World, vol, 63, page 830 (April 11, 1914).^ 

In the daily variations ” and seasonal variations ” Mr. 
Goldman combines the demand and the time elements,^ daily 
and seasonal, to obtain the fixed charge cost and to this cost 
adds an operating cost which combines the quantity and 
time elements, daily and seasonal. 

He has advantageously divided the time element into periods, 
but has forgotten that the other two fundamental elements 
can also be indefinitely divided. In his illustrations he has 
seriously handicapped himself by assuming that consumers are 
segregated into classes. No advantage is gained by making 
this h^^pothetical division of consumers. On the contrary it 
has a decided detrimental effect upon the soundness of ^the 
theory he is trying to establish. The reader is led to believe 
that there are and must .be other methods of computing the 
cost for his other hypothetical classes of consumers. I cannot 
see why there need be any change in the text if any one of the 
various classifications so commonly used by supply companies 
were substituted in place of the class that the author has de¬ 
signated by the word power.” 

After Mr. Goldman has so admirably developed his theory for 
determining the cost of service he begins to hunt excuses for 
the impracticability of the theory he has established and the 
methods of application. He finally seeks cover under the 
timeworn cloak of averages, and allows himself to follow the 
path of least resistance by taking a ” flat rate ” for any service. 

The time-wattmeter that the author thinks so impractical 
is not a new instrument. At present there are upon the market 
a number of feasible time-watt-hour meters that are accurate 
and not costly. In fact they cost no more than the earlier 
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watt-hour meters did when they were first placed in com¬ 
mercial service. 

No doubt the companies manufacturing wattmeters will 
develop any class of meter at a reasonable cost just as soon as 
a company supplying a public utility service desires it. The 
manufacturing companies, in truth, generally lead the demand 
of the supply companies in new equipment. 

O. B. Goldman: In going over Mr. Loebenstein's discussion, 
we are forced to the conclusion that he has misunderstood 
what is meant by growth factor, for we certainly agree with his 
conclusion that no company has the right or privilege to charge 
the public for extensions or new construction or additions on 
which thereafter they may charge interest, profit, etc. We 
have placed ourselves on record as to this point in a talk some 
three years ago before the annual convention of the Idaho 
Society of Engineers at Weiser, Idaho (vid. Proceedings Idaho 
Soc. of Eng., No, 1, Vol. III). 

What is meant by growth factor is this: Suppose a given 
plant consists of three 3000-kw. generators that have now 
reached full load, and that there is a demand for another 1000 
kw. It would be more advisable to install another 3000-kw. 
unit and be in position to take care of still further growth 
than just to install a 1000-kw. unit; and the same thing is still 
more true of line construction. Who then, should pay for this 
idle part, i.e., the interest, etc., charges on it? If the comi^any 
must, then it will not be done and the public will in the end 
have to pay high for lack of foresightedness on the part of the 
company. The public should therefore pay this, for the com¬ 
pany is merely the agent of the community it serves, to be 
paid in proportion to the quality or lack of quality of its ser¬ 
vice. We certainly do not mean depreciation reserve. 

Mr. Tomlinson’s opening statement is interesting and no 
doubt based on personal observation. Naturally those en¬ 
gaged in a certain business are best qualified to first discuss 
problems allied to that business. He states that I imply the 
elements of demand, quality and time, referring to an article 
of his in the Electrical World of April 11, 1914. 

The first article on this was published by us Jan. 17, 1914, 
in the Journal of Electricity Poiver and Gas QiS^xi¥xQXicis>oo, Cal. 
Mr. Tomlinson’s letter to the Electrical Worlds referred to above, 
we found to be* all generalities, and that he defined demand, 
quantity and time as follows: 

The demand that the consumer is likely to make on the 
supplying company 

The quantity of the commodity or service that the con¬ 
sumer takes or uses, and 

'' The time at which the consumer makes the demand, and 
the quantity then taken and used.” 

The elements that I use refer to the aggregate of all cus¬ 
tomers, so that customers obtain a certain rate per period* 
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Therefore customers having the same demand, quantity and 
time take different rates if under different systems where the 
aggregates are different. Furthermore, I do not imply the ele¬ 
ments I use, but indicate each clearly^ by symbol that I use in 
my cost calculation, and their definitions are given definitely. 
All the elements as I define them in all my calculations should 
therefore be evident. 

He then makes the following unsupported statements, that 
we have ‘‘ forgotten that the other two elements (demand and 
quantity) can also be indefinitely divided” and that we have 
“seriously handicapped ” ourselves by segregating customers 
into classes. 

We cannot get anywhere, without starting from an agreed 
premise and thence step by step, each fully proved, to our 
conclusions. 

Mr. Tomlinson concludes by saying that “ after Mr. Goldman 
has so admirably developed his theory for determining the cost of 
service he begins to hunt excuses for the impracticability of the 
theory he has established and the methods of application. ’ ’ Cer¬ 
tainly Mr. Tomlinson must know that there is a wide difference be¬ 
tween the development of a theory and its practical applica¬ 
tion. The latter requires much good judgment, knowledge 
of human nature and of existing conditions. It certainly is 
poor judgment to spend 25 cents to bill a 15-cent charge. 
We have not attempted a solution of the practical application 
of the multiplex cost and rate system. A theory is rnerely a 
compass to guide the application in the right general direction. 
We have merely sketched a possible outline based upon criticism 
and suggestions of such men as Mr. Caldwell, gen.* supt. of 
the Portland Ry. Lt. & Pr. Co., Mr. Max Thelen, president, 
R. R. Commission of California, Mr. Mervin, engineer of the 
Northwestern Elec. Co., and other men of unusual ability and 
knowledge in this line, covering a period of over two years. 
You will therefore find the suggestions inthelatter part valuable, 
the group classification absolutely good and necessary, but 
much, very much, remains to be done. 
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THEORETICAL INVESTIGATION OF ELECTRIC 
TRANSMISSION SYSTEMS UNDER SHORT-CIRCUIT 

CONDITIONS 


BY I. W. GROSS 


Abstract of Paper 

The following features of a transmission system under short- 

circuit conditions are discussed: 

1. Mechanical forces between the phases of three-conductor, 
three-phase cables when carrying short-circuit current; also the 
forces between busbars are investigated. 

2. The heating of the conductors of the cable from the instant 
of short circuit to a time 0.8 seconds later is traced analytically, 
during the transient state of the current, and typical computed 

heating curves are presented. .... 

3. The effectiveness of the method of placing reactors 

between generator terminals and the bus from which power is 
taken, and additional reactors between generators and an 
auxiliary synchronizing bus, is analyzed. , 

4. This scheme is compared with the present well-recognized 
schemes of feeder and busbar reactors. 


T he rapid growth of central stations in recent years with the 
constantly increasing power concentrated on one set of bus¬ 
bars has made necessary some method of protecting the system 
as a whole, and also its various parts, in case of abnormal condi¬ 
tions on the line. Reactance, which formerly was stringently 
avoided in central station electrical apparatus, is now being al¬ 
most universally required in the apparatus itself, and in many 
cases additional reactance is supplied by reactors external to the 
electrical units. 

In applying these reactors to central station design, much at¬ 
tention has been given, and several well-recognized schemes have 
been worked out and are now in operation. 

The parts of the high-tension system for which protection 
must be furnished under short-circuit conditions are as follows. 

1. Oil switches against .absolute failure. 

2. Generators, transformers, busbars and underground cables 

against mechanical forces. 

3. All apparatus against overheating 

4. The system as a whole against complete shut-down. 

23 
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A system designed to provide protection against any three of 
the above cannot be considered ideal if it fails in the fourth; and 
it is only by limiting the short-circuit current to such a value in 
different parts of the circuit as to eliminate the above controlling 
factors that the use of reactance can be regarded as fully effective. 

Ultimate Oil Switch Capacity 

In the case of oil switch breaking capacity, it is possible at the 
present time to obtain a guarantee for switches to clear any trouble 
on an 11,000-volt, three-phase system with a running capacity 
of 70,000 kv-a. and a reactance of 10 per cent; that is, a short- 
circuit current of 36,800 r.m.s. amperes. It is, therefore, as¬ 
sumed from the foregoing guarantee, that any 11,000-volt system, 


Fo 



where the short-circuit current does not exceed 36,800 amperes, 
will experience no inherent difficulty from oil switch trouble. 

Mechanical Forces in Electrical Apparatus 

This phase of the problem has been given careful attention of 
late, especially in generators, with the result that generators are 
now being built with such mechanical rigidity that manufacturers 
maintain they will safely withstand the mechanical forces arising 
from dead short circuit across their own terminals. 

Modern transformers, likewise, are being more substantially 
built, so that it is unlikely that mechanical rupture will occur 
in them before some other limiting features of the system are 
exceeded. 

Underground cables and busbars are subject to even heavier 
strains than the generators themselves, and an analysis of these 
stresses is here given. 
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Forces between Conductors of Three-Phase Cable 


First, take a three-conductor cable, as shown in Fig. 1, with all 
three conductors equally spaced, and assume all three legs simul¬ 
taneously short-circuited, and the r, m. s. current equal in each 
phase. Then the force tending to repel any conductor in a 
direction at right angles to a plane passing through the other 

two may be computed as follows: 

Let the currents in all three phases, 1, 2 and 3, be sinusoidal. 
In Fig. 1, letii = Im sin o)t = instantaneous current in 

phase 1. 



oot 


cot “H 


2 7r \ 

3 ) 
4 7r\ 

T ) 


Then/i-3 = 

/l-2 — 
^0 = 


lyn = maximum value of sine wave. 

instantaneous force between conductors 1 and 3. 

c( a u 1 2 . 

« “ on conductor 1 perpendicular to 


plane ^.jB. 

fo = (/i -3 +/i- 2 ) cos 30 deg. 

jT]^—3 

fl — 2 = ^ 2 /^* 

k = numerical constant 

= average force on conductor 1 perpendicular to 
planed B. 




{ii tz i\ ^ 2 ) dt 


2 a 


kP 


n 

CO 

k 

Hence Fc 


r. m. s. value of sine wave = 
cycles per second. 

2 TT 

If Fo is in lb. per foot of cable and 1 in amperes 
5.39 X 10"'’^, a being in inches. 

4.67 P 10-7 


a (inches) 


lb. per foot 


( 1 ) 
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The negative sign appearing in the expression for the average 
force, means that the conductors under study are subject 
to repulsion. Thus, in a paper-insnlated, lead-covered cable, 



the force is exerted on the over-all wrapping around all three 
conductors and also on the lead sheath; and the tensile strength 
of the paper and lead must be sufficient to withstand the stress 
thus placed upon them. 
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On busbars this force tends to throw the busbar away from the 
center of the equilateral triangle (of which each busbar is as- 
sutned to form one apex) and produces tension or compression 
on the busbar clamps, depending on the location of the insulators. 



Fig. 3 

From equation ( 1 ) the curves in Figs. 2 and 3 have been com¬ 
puted. The curve in Fig. 2 marked 0.9 inches between con¬ 
ductors represents the varying average force on one conductor 
of a three-conductor 3/0 B. & S. paper-insulated lead-covered 


I 
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11,000-volt cable. For this particular cable, the insulation over 
each conductor was 7/32 inch, and the over-all paper wrapping 
was also 7/32 inch thick. 

The rapid increase in force as the current rises is apparent from 
the following: 

Current in 3/0 three-conductor cable Force per foot of cable 
20,000 amperes 208 pounds 

40,000 " 832 « 

70,000 " 2,550 “ 

100,000 " 5,200 " 

At 20,000 amperes, the disruptive force is comparatively 
low, but rising in proportion to the square of the current it 
reaches a value of over one ton per foot at 70,000 amperes and 
over 2.5 tons at 100,000 amperes. 

The busbars, due to the inherently greater spacing than the 
conductors of a cable, are subject to a much lower disruptive 
force per unit length, but on the other hand, since they are 
supported at only frequent intervals rather than continuously, 
as is a cable, the force on any support may become excessive. 
For example, with 20-inch triangular spacing, and 100,000 am¬ 
peres flowing in each bus, the force on one phase is 100 lb. per 
foot. With supports nine feet apart, the force on any one sup¬ 
port becomes nearly one-half a ton. 


Forces with Single-Phase Short Circuit 

If the short circuit is between only two line wires, instead of all 
three, then the average force per foot of line, for the same cur¬ 
rent value per wire as in a three-phase short circuit, is 15.5 per 
cent greater. This is clear from the following analysis: Referring 
to Fig. 1, if the short circuit takes place between phases 1 and 
3, then the currents in 1 and 3 conductors are equal and 


fi-3= - 



1 



sin^ (jit d (coO = Average 
force on one con¬ 
ductor—single-phase 
short circuit 


Fq' (single-phase) 

Fo (three-phase) 

} 


-KP 
- X 


— 2a 

VdKP 


* 


* Fo' — Fo X 1.155 


a 


( 2 ) 



1915] 


GROSS: SHORT-CIRCUIT PROTECTION 


29 


If the forces in the curves of Figs. 2 and 3 are multiplied by 
1.155, they are applicable to cases of single-phase short-circuit 
currents, also to direct currents. The plane of maximum stress 
in the cable is no longer ^ -B, as indicated in Fig. 1, but the plane 
A' B', 30 degrees in advance of A B, and perpendicular to the 
line of centers of phase 1 and 3. 

It should be emphasized, however, that a system designed to 
have a maximum r. m. s. short-circuit current of say 70,000 am¬ 
peres per phase under three-phase short-circuit conditions will 
have less than 70,000 amperes on single-phase short circuit, in 
fact, only 86.6 per cent of 70,000 amperes. And the maximum 
average mechanical force tending to tear the cable apart will 
likewise be only 86.6 per cent of the three-phase value. 

To show the relation between three-phase and single-phase 

short circuits take 

Ei^q = voltage from line to neutral in a three-phase system. 
jEi_ 2 = line voltage. 

Z = impedance per phase in short-circuit path. 
p = force tending to tear cable apart. 

Three-Phase Short Circuit. 

T _ -Sl-O 

Tz — 



Single-Phase Short Circuit. 



Flence 



VZ -Ei-o Z 

2 Z jEi-o 


h = 0.866 Iz 

F 

p^ k 3 2(1 / Z \ 

vrr 



Fi = 0.866 F, 


( 4 ) 
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Thus, if the point of short circuit is fixed in the system, a short 
circuit between all three phases gives a current and a mechanical 
force each 16.5 per cent greater than does a single-phase short 
circuit. But if the point of short circuit is varied in the system 
so that the numerical value of the r. m. s. current is the same for 
three-phase as for single-phase short circuit, then the stresses 
set up in cables and busbar supports will be 15.5 greater fora 
single-phase than for a three-phase short circuit. 

However, if the average stresses in conductors undergoing 
short circuits are determined for the maximum r.m.s. current 
obtainable in a three-phase short circuit, then these forces can¬ 
not be exceeded for any condition of single-phase short circuit 
that may occur on that system. 


Forces on Busbars Spaced in a Straight Line 


If the busbars all be in the same plane, the average force 
acting on the top or bottom bar is only 86.6 per cent as great as 
if the bars were spaced at the vertices of an equilateral triangle. 
This relation can be shown as follows, using the notation on 
page 25 and the diagram in Fig. 4. 

The force on conductor 1 due to the currents in 2 and 3 equals 


1 

^ /i-2 "H/i-s 
0 . 





iiH 





Fig. 4 


3 Vs 

-j- sin* (at + sin (at cos (at) d (at 




3 k Pr.m^. 




-4.04 P X10-* 


lb. per foot 


A 


( 6 ) 
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(J in r. m. s. amperes— A in inches). 
From equation (1) 


or 



4.67PxiO"V^ 

-■ lorce on conductor at vertex of 

^ equilateral triangle. 


^ - 0.866 ( 6 ) 

That is, for a given minimum spacing, between the nearest 
two conductors, the straight line arrangement gives only 86.6 per 
cent of the stress on busbar supports which exists with equilat¬ 
eral triangular spacing. 

From equation (5), the curves in Fig. 5 are plotted. These 
are similar to those in Fig. 3, merely being reduced by the factor 
0.866, as is indicated in ecjuation (6). They represent the force 
acting on either the top or bottom busbar with the arrangement 
of buses shown in Fig. 4. This force acts outwardly in both cases 
that is, in the plane of all three buses and away from bus No. 2. 

From the foregoing analysis, it is clear that if mechanical force 
in the conductors undergoing short circuit is the limiting feature 
of a system, in three-phase cables this may be controlled by re¬ 
ducing the possible current flow under short circuit by use of 
reactors; or increasing the size of the cable and thus increase 
the spacing of the conductors. With busbars, the mechanical 
forces may also be decreased in the same way as above described 
for cables, and they may be further reduced by the method of 
arrangement, that is, by placing the bars in the same plane rather 
than at the vertices of an equilateral triangle. 

tt 

Heating of Cables during Period of Short Circuit 

Typical Short-Circuit Currefit Waves. When short-circuit con¬ 
ditions occur on an alternating-current power system, the current 
does not drop into its steady state at once, but rather starts at a 
given value, depending on the instant of short circuit, and falls 
off gradually until the induced voltage in the generators has been 
reduced by armature reaction to that value which will maintain 
in the short-circuit path the current which will keep the net 
generator field at the proper value for sustained short-circuit 
conditions. 

Two typical curves of short-circuit current in generators h^-ving 
10,000 to 30,000 kv-a. rating are shown in Fig. 6. The full line 
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curve placed symmetrically with, respect to the zero line is the 
voltage wave of the machine undergoing short circuit. The dot¬ 
ted symmetrical curve is the short-circuit current, provided the 


Force on Top or Bottom Busbar 


Busbars Placed in Same Plan 


as in Fig. 4. 


All Three Busbars Carrying Same 


Current. 




INCHLG dr/rWEEIM CENTERS OF BUS BARS 

Fig. 5 


instant of short circuit occurs at a time when the voltage wave i 

a maximum or ( = 0.02 seconds in Fig. 6. (This assumes onl- 
reacfance in the short-circuit path). 

The assymmetrical current wave in Fig. 6 represents the varia 
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tion of current if the short circuit takes place at a time t = 0.01 
second; that is, at a time when the normal voltage is zero. The 
first peak value of this assymmetrical current wave is nearly twice 
the first peak value of the symmetrical current wave. But 
theoretically it can never be exactly twice the symmetrical value, 
being slightly decreased on account of the falling off of the ex¬ 
ponential current and further by the gradually decreasing voltage 
wave. The curves of Fig. 6 are plotted with arbitrary scales for 
a 25-cycle circuit, but from the limiting peak values there shown 
similar curves can readily be drawn for circuits of any frequency, 
voltage, and current. 

The large current rush at the instant of short circuit, taking 
place at normal generator induced voltage, represents an enor- 


lOOOO 
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ir 

lU 
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Fig. 6 


mous amount of power, and lasting for several cycles, delivers a 
considerable amount of energy to the electric conductors under¬ 
going short circuit and there will inevitably result a rise in tem¬ 
perature in the conductors. Since this energy is stored in the 
conductor in a comparatively short time, one second as an out¬ 
side limit, it is clear that very little radiation can occur in this 
brief interval, and consequently the conductor may have its tem¬ 
perature raised to such a point as to injure the cable insulation, 
or, if the current is great enough, even melt the conductor itself. 

To determine the heating effect in conductors carrying short- 
circuit currents of the transient character shown in Fig. 6, the 
following analysis is given: 

First take the symmetrical current wave; that is, the one with 
its positive and negative waves approximately equal. 
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Let i = current at any time t, 

Em = peak value of voltage wave at any time. 

= “ " " " " under sustained short 

circuit. 

Z = ohms impedance in short circuit path. 

€ = base of hyperbolic logarithms = 2.718. 

jS = A constant depending on rate of decrease of 
generated voltage. 

R = ohmic resistance in short circuit path considered 
CO = 2tw 

n == frequency in cycles per second. 

K = a numerical constant. 

H = energy 

El = peak value of normal voltage wave. 

Theory, 

i = sin CO/. 

Em = {El - £o) + £o 

Hence i ~ ^ + £o] sin co/. 







I 

J2:j? r 

J 


[ (£i - £o)* €-2'»' + 2 £o (£i - £o) 

7 

° + £o*] sin at d («/), 


Integrating 


TT _ K R r(£i—£o)* w ^ I 4 £o (JSi — Eo) (o 

4 + ^ iS 
w* «* 

^ d ft" 

CO* 


CO 


sin CO/ — 2 cos co/ 


hi) 




4 “(- 


COs 


. ) 

sin CO/ — 2 cos co/ f 


CO 


2(0 

iS 


) 
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OtH 


CKR 

coZ2 


where C equals the above expression in 
brackets. 


CR 

coZ^ 


watt-secoiids. {t in seconds, E in volts, R in 
ohms, and Z in ohms) 


Take the specific heat of copper as 0.095. 

Resistance of copper 11.75 ohms per cir. mil-ft. 
1 B. t. u. = 1055 joules. 

Weight of copper 3.03 X 10“® lb. per cir. mil-ft. 
Hence deg. fahr. temperature rise 


C 3.86 X 10" 
o) (C. M.y 


Temp, rise deg. cent. = 


2.143 C X 10" 
CO (CM.y 





From equation (7) the curves of Fig. 7 have been computed. 
An 11,000-volt system was chosen, three-phase 3/0 B. & S. 
cable being assumed. The numerical constants taken are as 
follows: 

^ 11.wo ^ ^ ggyp 

V3 



11,000 X 0.07 X 1.76 X V2 

__ 


1100 volts. 


In determining jEo the generators short-circuited are assumed 
to have 7 per cent inherent reactance and a sustained short-cir¬ 
cuit current of If times normal full load current. 

. cir. mils = 167,800 for 3/0 B. & S. cable. 


n = 25 cycles. 
jS = 2.51 from Pig. 6. 


To determine Z, first assume the current for any temperature 
curve desired, 50,000 amperes, for example. Then the r.m.s. 

phase voltage ^ above, or 6350 volts divided by Z, gives 

the r. m. s. amperes as indicated in Fig. 7. 

Thus = 50,000, orZ = 0.127 ohms. 
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This value of Z is then used in equation (7). The curves of 
Fig. 7 have been computed on the assumption that no radiation 
of heat has taken place between the instant of short circuit and 
0.8 second later, all the energy going into the conductor being 
transformed into heat and stored in the cable as such. 

Assuming that the modern oil switch will clear trouble within 
0.18 second (dj cycles on a 25-cycle circuit) after short circuit, 
it will be noted that should the short-circuit current reach 40,000 
amperes (r.m.s. symmetrical) on the initial rush the temperature 
in any 3/O conductors carrying such current would be increased 
approximately 155 deg. cent. At 45,000 amperes the temperature 



rise is 195 deg. cent., and at 50,000 amperes 235 deg. cent. The 
melting point of copper is 1085 deg. cent., so the copper is in no 
danger of melting if the oil switch operates normally. On the 
other hand, temperatures as high as 200 deg. cent, may injure 
the cable insulation and later cause trouble from'^short circuits 

mmu 

and will surely result in decreased life. 

Heating of Cables Carrying Asymmetrical Current Wave 

To determine the heating effect of the asymmetrical current 
wave, it is merely necessary to follow the same general procedure 
as described above for the symmetrical wave. 

First, obtain the expression for the instantaneous current, then 
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square and integrate and convert to heat units, and then into 
temperature rise for any given size cable. 

The notation is the same as that given under the analysis for 
heating with a symmetrical current wave, with the following 
additions. All voltages, currents, and impedances are 
values. 


a == a constant depending on the rate of falling off of 
the asymmetrical current over and above the rate 
of falling off of the s^^mmetrical wave. 

== a constant depending on the instant of short circuit. 

El 

= -^for maximum displacement of asymmetrical 
wave, ~ when the asymmetrical wave is on 
the negative side of the zero line and + 
when on the positive side of the zero line. 


Theory. 

En. == {El -Eo) e +£o. 

p - « (f -5A) 

i = sin {o)t) + ^ € 



I 



7c/2 <D 


sin wt + Ae 




Hence the time after the short circuit takes place = t -~7r/2a;. 
In the above equation t cannot be less than 7r/2co. Substituting 
Ent in equation ( 8 ), integrating, and substituting limits, 



2/3 . ^ 

— sm CO/ 

CO 


“ 2 cos CO/ 







cos CO/ sin co/ + 


CO/ 

T 
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ax 

2a L" 







T 

2 to 



— (a (i) t 


( 


01+18 

•sin cot —cosoot 


CO 





2 A Eo ’EE 

- 6 2 w 

CO Z 



a jr 

+ C 2 to 




-sm coi — cos cot 

CO 



1 






Denoting the right-hand side of the equation by Dj Z^oo, 


H 


KRD 

(oZ^ 


D R 

—— watt-seconds, {t in secs., E in volts, R in 
^ ohms and Z in ohms.) 
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As in the symmetrical current wave, 


temperature rise deg. cent. = 


2.143 Z) X 10^ 
coZ2 {C.M.y 



This equation is similar to equation ( 7 ) and, in solving, the same 
circuit constants are used, with the addition of a, which has been 
determined as 8.65 from the curves of Fig. 6. 

From the above equation (10) the temperature rise curves of 



TlMf: IN SECONDS 


Pig. 8 


Fig. 8 have been computed, and marked r.m.s. amperes.’^ To 
avoid any ambiguity as to the meaning of the term r.m.s. am¬ 
peres as applied to the asymmetrical wave of Fig. 6, take the 
following example. Let a three-phase, 11,000-volt generator be 
short-circuited aCToss its own terminals. The phase voltage 
will be 11,000/ VS = 6350 volts. Let the impedance of the ma¬ 
chine be 0.127 ohms per phase. Then the r.m.s. short-circuit 
current is 6350/0.127, or 50,000 r.m.s. amperes. Any 3/0 
conductor carrying this current will have its temperature in- 
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creased according to the temperattire rise curve marked “ 50,000 
r. m. s. amperes ” in Fig. 7, if the wave is symmetrically placed 

about the zero axis as the dotted curve in Fig. 6. 

If the short circuit takes place at such a point of the voltage 
wave that the current is almost totally displaced one side of the 
zero line as the full lino current curve of Fig. 6, then the heating 
of 3/0 conductor carrying the 50,000 r.m.s. amperes asymmetri¬ 
cal as above indicated, will follow the temperature rise curve 

marked “ 50,000 r. m. s. amperes ” in Fig. 8. 

Thus, by a simple application of Ohm’s law to determine the 



r.m.s. current, the heating of a 3/0 conductor with either the 
symmetrical or asymmetrical current wave, can be determined 
from Figs. 7 and 8 respectively. The curves in these last two 
figures apply only to 3/0 B. & S. cable, and currents which de¬ 
crease in accordance with the current waves of Fig. 6. However, 
by the use of equations (7) and (10) the heating produced by 
any symmetrical or asymmetrical current waves and for any 
size cable may be determined. 

To compare the heating effect of the symmetrical and asym¬ 
metrical current waves for the same r.m.s. current, the two curves 
of Fig. 9 have been plotted. These curves represent the tempera- 
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ture rise for 50,000 amperes r.m.s. in 3/0 B. & S. cable. It will 
be observed that the heating due to the asymmetrical current is 
very much in excess of that due to the symmetrical wave. For 
example, in this case the relative heating with the same r.m.s. 
current is as follows: 


Sec. after short-circuit 


0.05 

0.10 

0.20 

0.40 

0.60 

0.80 


Asymmetrical Current Temp. Rise 

Symmetrical Current Temp. Rise. 

2.47 

2.20 

1.825 

1.52 

1.46 

1.425 


Tills relation between relative heating with the two types of 
current waves holds for all values of current, since at any partic- 
ular point of time the temperature rise is proportional to the 
square of the current, and this relation holds for each set of 

temperature rise curves. 

It will be seen from the above table that the ratio of tempera- 
tuve rise for the two types of current curves is approaching a 
constant value of approximately 1.4. It is clear that the ratio 
cannot fall much below this value at any time greater than 0.8 
second since the amount of energy stored in the cable^ as heat 
after this interval is comparatively small, due to the rapid falling 
ofi of the current. Further, it is probable that after one secon 
radiation would materially affect the temperature of the copper, 
and analysis beyond this point must necessanly incomp e _ 
While the temperature rise of the 3/0 copper cable crying 
short-circuit current is relatively high at reasonable values of 
current (465 deg. cent, at 50,000 amperes "^ 5 ™nietncal and 

250 deg. cent, for the same ."T . ^iectivdv^e- 

0 18 sec.) there is still a means of materially and effectively re 

ducing th4e temperatures in any new system, if possible tempera¬ 
ture L is the limiting feature of the high-tension power circuih 
This is by increasing the normal kilovolt-ampere rating of the 

underground cables. observed that the 

Ref erring to equations (7) and ( )» i + onnaTe of the 

temperature rise is inversely proportional to ^ ^ 

circular mils of copper, that is, to the square of 

of the conductor in which the short-circmt ciment ^ 

if the cross-section of the conductor is doubled, the tempera . 
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rise is only one-quarter as great. From the relation between 
temperature rise and conductor cross-section given in equations 
(7) and (10), and the temperature rise curves of Figs. 7 and 8, 
the curves of Figs. 10,11,12 and 13 have been computed. These 



CrRCULAR MILS OF cOPPER 

Fig. 10 

« 

show graphically the rapid decrease of temperature rise of the 
copper carrying short-circuit current as the cross-section of the 
conductor is increased. Figs. 10 and 11 represent temperature 
;ise for various size conductors at the end of 0.2 and 0.5 second 
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respectively, when carrying an asymmetrical current wave as 
shown in Fig. 6. In Pigs. 12 and 13 are shown similar curves for 
the S3unmetrical current wave of Fig. 6. 



For illustration, take the temperature rise curves of Fig. 10, 
computed for an asymmetrical current of 50,000 amperes! 
If 3/0 B. & S. conductor carries the short-circuit current, its 
temperature will be raised 480 deg. cent, in 0.2 second. If the 
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conductpi has a cross-section of 250,000 cir. mils the tempera- 
ture nse will be only 217 deg. cent., and if it has 300,000 cir. mils 

cross-section, the rise will be still further reduced to 150 deg. cent, 
in the same time. 

It has therefore been possible, as above shown, to reduce the 
maximum temperature rise in a conductor carrying short-cir¬ 
cuit current to within reasonable limits, by increasing the cross- 



si 5 ^p n-T nfi^iaintained that the increased 

size of cable will reduce the total impedance in the short-circuit 

^ smaller size 

ble. ^ It should be borne m mind, however, that the maximum 
hort-circuit current will obviously exist in a power system when 

r the additional 

able length in the short-circuit path, assuming the trouble to 
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occur at a short distance from the power house, will merely 
reduce the current below the maximum value which could exist 
if the short circuit took place at the power house. 

For example, if a given power S 3 fstem has a maximum short- 



circuit current output of 50,000 amperes, wil^ the short circuit 
occurring just outside the feeder oil switch at the power house, 
any other location of trouble on that feeder will necessarily give 
a current smaller than 50,000 amperes; and this is true indepen¬ 
dent of the size of the feeders. If the short circuit should occur 
several miles from the power house the impedance of the cable 
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would materially reduce the current below 50,000 amperes, and 
the smaller the cable the greater would be this reduction. 

For cases of short circuit close to a power house using reactors 
to limit its abnormal current flow, the impedance of that part of 
the cable in the short-circuit path is such a small percentage of 
the total impedance opposing the current flow that its value for 
any reasonable size cable is absolutely negligible. 

With the possibility of the destructive forces and temperatures 
m cables and busbars as computed above well in mind, it is now 

intended to show how these short-circuit currents may be effec¬ 
tively controlled. 


Use op Reactors in Limiting Current Flow under 

Short-Circuit Conditions 

Reactors, as mentioned in the earlier part of this paper, have 
recently been extensively used in reducing possible current flow 
into a fault, and several different schemes of arrangement in a 
power system have been devised and are now in use. 

The schemes of introducing reactance in the power circuits 
which are at present well recognized, are as follows: 

1. Reactance in generators and generator leads. 

2. Artificial reactance in the separate feeders. 

3. Reactance in the main power house bus between generators. 

Ihen, to be sure, there are various combinations of the three 
above schemes which can be used. 


There is, moreover, another system of arranging reactors in a 
power system recently brought to light by Mr. Stott and briefly 
escrAed by him in discussing the paper of Messrs. Lyman, Perry 
and Rossman at the midwinter convention, February, 1914. 

his scheme, upon analysis, has proved of such merit that it is 
here analyzed and discussed at some length. 

thl^ ‘=°’^sists of paralleling all generators 

through reactors on a synchronizing or transfer bus, and taking 

power through a separate set of reactors direct from each genera¬ 
tor, rather than from the synchronizing bus (what would ordi- 
narfy be the main station bus). The scheme is shown diagram- 
matically in Pig. 14. For convenience of reference, Z. is Led 

7 inherent, or inherent plus external. 

Synchronizing reactance, being placed partly for 
y hronizmg purposes but more especially to limit abnormal 

L nl 7 " being in 

he path of direct feed from the generator to t he feeder bus. 

♦Tuans. A.I.E.E., 1914, Vol. XXXIII, Part I, page 4 . 7 . -~ 
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For purposes of analysis, a power house with an installed capac- 
i-ty of 180,000 kv-a. in 30,000-kv-a. generators, that is, sixma- 
oliines, only five being used at any one time, is taken. Also a 
system with a nominal voltage of 11,000 volts is used in deter- 
xxaining current flow, and 3/0 three-conductor 3217-kv-a. cables 
are assumed where considered in computations. All per cent 
reactance where used, except feeder reactance, is based on the 
xxiaximum 30,000 kv-a. rating of one machine. For example, if 
orZs is spoken of as say 3 per cent, it is understood that 
v^hen any one of these reactors is carrying rated current of one 
rnachine the voltage drop across that reactor is 3 per cent of rated 


Substations 


1 

1 2 3 4 5 6 7 ^9 10 11 ’.2 13 



Fig. 14 


p>liase voltage, or X 0.03 = 190.5 volts, and has a react* 


a.xice of 


Vs 

190.5 X 11,000 XVS 


= 0.121 ohms. 


30,000,000 

In speaking of feeder reactance, its value is based on the kv-a. 
r*a.tmg of the cable. For example, a 5 per cent feeder reactance, 
1:lie feeder being rated at 3217 kv-a., has a voltage drop of 

(11,000/V3) X 0.05 = 317.5 volts and a reactance of 

317.5 X 11,000 X Vs 


3,217,000 


1.878 ohms. 


Determination of wShort-Circuit Current 

In determining the short-circuit currents in the various net- 
xvorks presented, the following equations were used. All equa- 
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tions are vector equations, but where the resistance involved is 
negligibly small in comparison to the reactance, the equation may 
be solved algebraically and the resistance values ignored. This 
cannot be done in scheme vS-2, and here the equation for the 
short-circuit current must be solved vectorially. 


NJ 

’ Short Circuit 


Substations 

6 7 8 9 10 II 12 13 

Assumptions: Five 30,000-kv-a. 11,000-volt generators 
three-phase on bus at one time 
Five 3/ 0 B. & S three-phase cables to each 
substation—cables 3217 k\-a. capacity 
Zn based on cable capacity 3217 kv-a. 

Za based on 30,000 kv-a. generator 
nearest substation one mile from 
power house. 

Z, - 0.334 -by 0.129 ohms per wire mile. 


Gen. 1 


Gen. 2 



Z. 


Gen. 3 


Scheme F 


Gen. 4 


Gen. 5 


Fig. 14b. 

SubbUltons 
0 7 8 


10 II 12 13 


Assuiuplion-,. Five3(),<)(K)-kv-a. 11,000-voll gciieralors 
three-phase. 

Zg -h based on 30,000-kv-a. Generator. 





Short rircuit 
:C.~^(SOTD(56di37^ 






Gen. 1 


Gen. 2 


Gen. 3 
Scheme li 


Gen. i 


Gen. 5 


Fig. 14c. 

ratio of reactance to resistance in all reactance coils and 
in the generator itself has been taken as 21.5 where it was neces¬ 
sary to use the resistance values. 

Scheme S-1. Fig. 14. 

T E 


h = 




4Zg^ 


5(Z«-fZG) 


( 16 ) 
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Scheme F. 


Fig. 146. Feeders open at substation end 

Eo 

7 4_ 

5 


(16) 


Scheme F. Fig. 14 b. Feeders paralleled at substation end 


E 
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Zj) d" 5 -2^] 
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• Short Circuit 


J, amps. 


Substations 
6 7 8 


10 11 


/ Assumptions: 

(generators 

11,000 volts—three- ph asc. 

3/0 B. & S. three-phase cables per, 
—Zt * 0.334 -f-/ 0.129 ohms 
per wire mile. 

All substations 4.5 miles from 
power house. 

Zk. +Za based on 30,000-kv-a. generator. 
Feeder Busses - 



Gen. 1 


Gen. 2 Gen. 3 

Synchronizing Bus 

Scheme 5-2 

Fig. 14a. 


Gen. 4 


I r B 


Gen. 6 


Scheme B. Fig. 14c. 


E (,5Za2+5ZoZs + Zs") 
Za« + 3Zs Zi + Zs^Z 


(18) 


Scheme 5-2. Fig. 14a. Thirteen substations—5 feeders per 

substation 
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E = generator phase voltage (line to neutral.) 

Z = impedance 

Equations (17) and (19) must be solved vectorially; as above 
noted, the others may be solved, without loss of accuracy, alge¬ 
braically, if the resistance r of any reactor having an impedance 



r + j x = Z, is small in comparison to the reactance x. This is 
true, in general, for reactors, that is, r/x is negligibly small. 

The above equations were determined for the several cases 
by the simple application of Ohm’s law applied to alternating- 
current circuits. 
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From equation (16) the short-circuit current curves of Figs. 15 
to 21 inclusive have been calculated. Figs. 15 to 19 inclusive 
show the effect of varying the feeder bus and synchronizing 
reactance Zb and Zk respectively, as the reactance of the machine 
varies from 5 to 25 per cent, inclusive. 

For example, with the 150,000-kv-a. running capacity assumed, 
suppose it is desired to limit the short-circuit current to 30,000 
amperes, the generators having an inherent reactance of 5 per 
cent. From Fig. 15, it is clear that this may be done by a variety 



1234.*1673^ 10 


2k percent synch RON l2fNQ REACTANCE 

Fig. 16 

of combinations of feeder bus reactance and synchronizing re¬ 
actance, approximately as follows: 


Short-circuit 

amperes 

% Zs 

% Zk 

Total % Z 

80,000 

4.3 

0 

4.3 

30,000 

3.0 

2.6 

5.5 

30,000 

2.5 

5.0 

7.5 

30,000 

2.0 

8.0. 

10.0 

30,000 

1.6 

10.0. 

11.6 
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The total Z above is exclusive of the generator reactance. 
Similar examples can be taken for the curves of Figs. 16 to 19 
inclusive, if desired. From the above table it is clear that for a 
given short-circuit current, when the trouble occurs on the feeder 
bus, the least reactance is required when that reactance is placed 
between the feeder bus and the generator, that is, in Zb. This 
could have been easily foreseen, since it is clear that with a given 
reactance in use, the larger the amount in the path of the total 
current, the smaller will be that current. 

It is further obvious from the curves of Figs. 15 to 19 inclusive 
that the larger the feeder bus reactance, Zb , the smaller the effect 



of the synchronizing reactance in further reducing the short-cir¬ 
cuit current. This is brought out by the curves in Figs. 15 to 
19, where Zb = 10 per cent. For example, in Fig. 15, with genera¬ 
tors having 5 per cent reactance and the feeder bus reactance 
10 per cent, the short-circuit current only decreases from 14,000 
to 11,500 amperes as the synchronizing reactance increases from 
zero to 10 per cent. 

liVhen the feeder bus reactance is low the synchronizing re¬ 
actance is useful in reducing the current in short circuits which 
occur outside the feeder oil switch. But when the feeder bus 
reactance reaches 5 per cent or greater, the effectiveness of Zk 
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in further reducing current flow becomes practically nil. This 
statement is clearly borne out by a study of curves of Figs. 15 to 
19 inclusive and also in Figs. 20 and 21. Still using scheme 5-1, 
the curves of Figs. 20 and 21 have been plotted from equation 
(16) (the dotted curves have been plotted from the following 



Fig. 18 



equations: Fig. 20, amperes = EjZ^, and Fig. 21, amperes 
= £/Zg + E/Zk). 

Limiting Effective Value of Zb 

It is here shown in Fig. 20 that if the synchronizing reactance 
is not used the feeder bus reactance loses rapidly in effectiveness 
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after 5 per cent is reached. The dotted curve represents conditions 
with an infinite generator capacity on the line and no synchroniz¬ 
ing reactance Zxused. The generators for this curve may have 
any reactance whatsoever. 



0l234567d9 1O 
Z, PERCENT PEEOER BUS REACTANCE 

Fig. 20 


Limiting Effective Value of Zk 

From Pig. 21, it is clear that the effectiveness of Z^ in reducing 
currents from short circuit beyond the feeder oil switch falls 
off rapidly after a value of 3 per cent is reached, and for compara¬ 
tively large reactance in the generator, an increase above 1 per 
cent in ZkIs practically useless. 
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The dotted curve of Fig. 21 shows the limiting value of short- 
circuit current when there is an infinite generator capacity on the 
bus and all generators have 5 per cent reactance. If the genera¬ 
tor reactance were higher the limiting curve would be lower. 
The curves of Fig. 21 assume Zb equal to zero. 



The use of the synchronizingreactance would at first seem some¬ 
what superfluous when the feeder bus reactance is used, but it is 
located not only to reduce the current in a short circuit which 
occurs at the power house beyond the feeder oil switch but also to 
reduce the current should the short circuit occur on the synchron- 
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izing bus, 8,11 d. further to limit the current flow in the event of 
poor synchronizing. 

The effectiveness of Zxin reducing the maximum current flow 
when the fault occurs on the synchronizing bus is shown graphi¬ 
cally in Fig. 22. With Zk = 3 per cent and generators having 



reactance, the current is reduced from 157,500 to 
99,000 amperes. Machines having 7 per cent reactance have a 
current reduction from 112,500 to 79,000 amperes. With the 
0 per cent reactance machines there has been a 37 per cent cur¬ 
rent reduction; with the 7 per cent reactance generators, a 30 
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per cent reduction, by the UvSe of the 3 per cent synchronizing 
reactance. 

While the currents shown in Fig. 22 are comparatively large, 
it should be observed that these currents cannot exist in any one 
conductor, since they represent the total instantaneous output 
of the five machines. Thus the largest current which can exist 
in any one conductor is 4/5 of the values shown in Fig. 22. 
Further, this current does not exist in the cable line but circu¬ 
lates only in the machine and synchronizing bus circuit. 



Fig. 23 


Poor Synchronizing 

As mentioned earlier in this paper, the purpose of Zk , the synch¬ 
ronizing reactance, is partly to furnish protection against short 
circuits on the system and partly to be of aid in limiting current 
in times of poor synchronizing. If four machines should be 
running and the fifth then put on the line 180 electrical degrees 
out of phase, the upcoming machine would have circulating in its 
windings a current considerably in excess of its maximum short- 
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circtlit ciOTent, provided no synchronizing reactance Zk were used. 
The effectiveness of Zk in reducing this current is shown graphi¬ 
cally in Pig. 23 for various values of generator reactance, when 
one machine is thrown on the line both 180 electrical degrees out 
of phase' (dotted curves) and also for 30 degrees (full line curves). 

Should it be desired to raisethe value of Z^ so that the maxi¬ 
mum current which can flow in any generator thrown on the line 
180 degrees out of phase is equal to the normal short-circuit 
current of one machine, it can be shown that the value of Z* 
bears a fixed relation to the. generator reactance depending on the 
number of generators on the line. 

Let E = rated phase voltage = for 11,000-volt system. 

Iz ~ circulating armature current in machine thrown 
on line 180 electrical degrees out of phase. 

Zg == per cent generator impedance. 

Zk = per cent synchronizing impedance. 

Is = normal short-circuit current of one machine. 
n = number of generators running after '' out of step '' 
machine has been put on line. 

Then 



2E _ 

-2^0 + Zk + Zg + Zk 

« — 1 


f 

Upcoming generator 180 
electrical degrees 
out of phase. 




£ 

Zg 


Or, if Iz is to equal Is , 

E/Zo =2£/(Zo + ZK+ ^ - ^f‘^ ) 
Simplifying 



In this equation n obvipusly cannot be less than 2. 

For 120 electrical degrees between upcoming machine and line 
voltages ^ 

^ _ 0.732 n - 1.732 « 

z<K — - - Zg 


( 13 ) 
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and for 90 deg. phase displacement 

^ /0.414n -1.414 \ ^ 

z, = ^---j Zo (14) 

Prom equations (12), (13) and (14) the curves of Fig. 24 are 
drawn. These curves show the relation between the value of Zk 
and Zcfor a different number of machines running. Clearly this 
relation is independent of the kilovolt-ampere rating of the ma¬ 
chine or its per cent reactance. 



With a small number of machines running, five for example, Zk 
need not exceed 0.6 Zcfor protection of generators against me¬ 
chanical injury due to the worst possible conditions of poor 
synchronizing. Thus with generators having 7 per cent inherent 
reactance the synchronizing reactance need not exceed 4.2 per 
cent for absolute protection to the generators. This assumes, 
of course, that any machine may safely withstand dead short cir¬ 
cuit at its own terminals. 

It is of interest to note that the lower the inherent reactance of 
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the generators the lower will be the value of Zk , and for purposes 
of easy distribution of load between the several generators when 
the load decreases and one or more generators arc taken off the 
line, a low value of Zk will cause either the voltage on the feeder bus 
now not fed directly by a generator to fall, or the power factor 



of the load taken from this feeder bus to be changed. For the 
est distribution of load and the most nearly constant value of 
voltage at different feeder buses, the lower is, the better. 

To compare this scheme, 5-1, of using feeder bus reactances and 
synchronizing reactance, with feeder reactance, scheme F,-shown 
in big. 14o, and with bus reactance, scheme B, shown in Pig. I4c 
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the curves of Figs. 25, 26 and 27 have been computed. The same 
system of five 30,000-kv-a. 11,000-volt generators has been 
assumed. 

From Fig. 26 it is seen that with generators having a 5 per cent 
reactance, a feeder reactance of 1 and 1.5 per cent reduces the 
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PERCENT FEEDER REACTANCE 

Fig. 26 

current to values of 15,500 and 10,000 amperes respectively, and- 
further it is clear that nearly the entire drop occurs in the feeder 
reactance, especially when the generator reactance is low. There 
are, however, two disadvantages of this scheme: 

1. When a short circuit occurs on the bus, the current flow be¬ 
comes enormous; the bus voltage drops to zero and all synchron- 
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ous apparatus is certain to drop out of step if the trouble is not 
instantly cleared. 

2 . When a machine is put on the line out of phase, there is no 
means of limiting the current in the synchronizing circuit. 
(See Fig. 29). Both of these objections may be overcome in 
scheme 5-1. The advantage of this scheme F is that when trouble 



occurs outside the feeder oil switch the trouble is localized in the 
w and mar be quietly de^ed frl 

the line, without a shock to the entire system. 

Bus reactance as shown in i i 

in Fig. 27. Suppose, for example^ it is desired 

circuit current on a feeder tn 9^ nno ^ ^ short- 

in scheme 5 by using generators’ havn 2 pj cen^mart^t 
bus teactauees between machines „t 25 "pen cent.^lTs^L ”e 
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5-1 this can be accomplished by a generator reactance of 7 per 
cent, a feeder bus reactance of about 4 per cent and a synchroniz¬ 
ing reactance of 2 per cent, Should the trouble occur on the 
synchronizing bus in scheme 5-1, the current would rise to 87,500 
amperes (Fig. 22) * but this current would not pass through any 
one oil switch or small cross-section cable. The maximum ciir- 
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rent obtainable by the use of bus reactance would in this case be 
25,000 amperes. Thus, the busbar reactance scheme reduces the 
short-circuit current to a low value, but at the expense of a large 
reactance in the circuit. 

Another disadvantage of busbar reactanpe is that under cer¬ 
tain conditions of operation it would be necessary to feed through 
four of the bus reactances, thus producing considerable difference 
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is greater, and this current flowing through the generator react¬ 
ance gives a lower bus voltage than when the feeders are not paral¬ 
leled at the substation. This lower bus voltage impressed across 
the given feeder reactance therefore produces less current through 
the feeder oil switch. And if the breaking capacity of the oil 
switch or heating of the cables is the limiting feature of the 
system, better results can be obtained by paralleling the feeders 
at the substation than by leaving them open, in scheme F. 

A word of warning should be given in using the expression 
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Fig. 30 


'' kilovolt-amperes generated at short circuit;’’ for, as above 
shown, the strain on the'feeder is less as the kilovolt-amperes 
generated at instant of short circuit is increased. 

In scheme 5-2 great flexibility of operation can be gained by 
running, to any one substation, feeders from each separate feeder 
bus. If one bus is now in trouble due to short circuit it is pos¬ 
sible by the use of selective relays to clear that feeder bus of 
feeders, and by this arrangement any substation will lose 
only one feeder, A substation having flve feeders, for example, 
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one to each feeder bus, will lose 20 per cent of its cables, thus im¬ 
posing 125 per cent load on the remaining cables. In this way 
service would continue on the system uninterrupted. 

Under short-circuit conditions (scheme 5-2, Fig. 14a), however, 
the current is very much increased, as is shown by the curves of 
Figs. 30 and 31. It is clear that if it is necessary to limit the 
short-circuit current in a feeder to 30,000 amperes, it is impossible 
to interconnect the feeder buses through substation feeders, as 
in Fig. 14a, with any reasonable value of (machines assumed to 
have 7 per cent reactance). 



Another advantage of these schemes S-l and 5-2, as here pre¬ 
sented, is that very low reactance can be used in the generator, 
in fact as low as mechanical protection to the generator itself 
justifies. The lower the generator reactance, the higher Zb 
can become for a given reactance in the path of direct feed from 
generator to feeder bus, and the higher will be the bus volt¬ 
age on the unaffected feeder buses. This results in less possi- 

b^ty of S3mchronous apparatus dropping out of step at the instant 
of short circuit. 

Summary and Conclusions 

It has been shown in this paper that the average mechanical 
forces existing between conductors of a three-phase cable carry- 
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ing short-circuit currents, and between busbars, rise to relatively 
high values at the instant of trouble. These forces can be re¬ 
duced in cables by either limiting the current or increasing the 
distance between conductors. The same applies to busbars, and 
in addition, the position of the busbars can be adjusted by 
placing them in the same plane so that the mechanical forces may 
be considerably reduced. 

The heating of cables may be the limiting feature in control¬ 
ling short-circuit current, since it is quite possible for the tempera¬ 
ture of the conductor to rise to such a point as to endanger the 
insulation of the cable even in the very short time that it takes an 
oil switch to operate after the short circuit has occurred. With 
the characteristics of the generators under short-circuit condi¬ 
tions known, it is possible to compute the temperature rise, 
even although the current is of transient character. 

In using reactors to limit the current flow on a power system, 
the method of plain feeder reactance is not fully effective, as 
trouble on the main station bus is almost certain to cause to drop 
out of step all synchronous apparatus on the system. Further, 
this method offers no protection to machines against poor syn¬ 
chronizing. 

Station busbar reactance is effective under short-circuit condi¬ 
tions, but under normal operation is objectionable on accourft of 
the large voltage drop in transmitting power from one end of the 
bus to the other. 

The scheme of feeding from the machine terminals, and 
paralleling generators on a separate bus, as brought to light by 
Mr. Stott, is extremely flexible and very effective in furnishing 
protection. It can limit the current to a safe value without an 
excessive amount of reactance in the circuit; it can protect the 
machines against mechanical injury due to poor synchronizing; 
and can transmit power from between different points of the bus 
with far less voltage drop than with the bus reactance scheme. It 
makes possible the use of generators having a low inherent react¬ 
ance, provided, of course, the machine is designed to withstand 
dead short circuit at its terminals. Further, the lower the react¬ 
ance of the generator the less possibility there is of the syn¬ 
chronous apparatus on the system dropping out of step due to 
reduced power house voltage. 

The possibilities of this system are as yet probably not fully 
realized. 
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Discussion on '‘Theoretical Investigation of Electric 
Transmission Systems under Short-Circuit Con¬ 
ditions/’ (Gross), New York, January 8, 1915. 

Henry G. Stott: Perhaps a little account of the origin of this 
paper might be of interest. We were confronted by the problem 
of providing for a station which would ultimately contain seven 
30,000-kw. units, and at the same time trying to avoid the results 
of six 30,000-kw. units in short circuits. First of all, we were 
very anxious about protecting the generator from short circuits. 
After a little investigation of the problem, it became apparent 
that our efforts should, be directed towards the feeders and 
busbars and not towards the generator, as the generator, with 
its relatively high reactance and modem construction, seemed 
to be pretty well able to take care of itself. The problem, then, 
of saving the feeders from what might happen, as we went 
further along in the investigation, became rather complex. 

Our first inclination was to insert reactance in each feeder. 
That .seemed to be the logical way, as it placed an absolute 
limit on the current fiowing into a given feeder under any con¬ 
ditions.^ However, after working over that plan for a little 
while, it turned out that we would have to build new power 
stations to hold the reactors, and as property was rather valuable 
at the place where the station was located, it did not seem prac¬ 
ticable to adopt that method, and we abandoned it. We went 
at the problem from the point of view of inserting reactance 
in the buses. There we were confronted with the difficulty 
of enormous drops under certain conditions. If you are 
operating substations at one end and the generator at the 
opposite end of the bus, you have enormous reactance drop® 
and losses which would make regulation extremdy difficult 
if not impossible under certain conditions. T^hen, after con¬ 
sidering these various schemes, we stumbled on the one 
mentioned in the paper, which may be called a split reactance 
scheme, by which the generator, as you will note, feeds in 
between two reactances, one of 5 per cent connected directly 
to the feeder bus and the other of 2 per cent connected to the 
synchronizing bus. 

This matter was thoroughly investigated theoretically by 
Mr. Gross, and the results were so interesting that I pertu^^ 
him to reproduce them in more general faidiion in the shape 
of this paper, as being of general interest to the «ti3m pro¬ 
fession, and I think the Institute is to be congratulate upon 
the very clear method he has pursued. 

^ The rather astonishing things which were brought to light 
in this investigation were, first, that with five machines cm 
the bus at one time we would get mechanical forces 
between the conductors in the cables, with the ordin^ instda- 
tion between them for this voltage, amounting to over one tem 
per lineal foot. That was alarming in itself, and we then in- 
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vestigated the strength of the outside jacket of insulation, and 
that was found to be a saving feature. The lead sheath alone 
would have been ruptured immediately by that force. 

Then the next thing, which was really more alarming, was the 
extremely high temperatures which, with a short circuit of 60,000 
amperes, we could cause in the conductors, and which would 
undoubtedly have destroyed the insulation on the layers 
next to the copper, as radiation would not enter into the cal¬ 
culation at all during that brief period of probably three to 
seven cycles. 

The next question was: Is it possible to build an oil switch 
which would rupture 60,000 amperes at 11,000 volts? We 
consulted with a number of the manufacturers, and while they 
were all quite confident this could be done, none were exactly 
anxious to try. We therefore arranged to try to cut it down 
to about 20,000 amperes, which seemed to be quite conservative 
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when compared to the higher value. With the arrangement of 
reactances shown we are very hopeful that, under any con¬ 
ditions, we will not get a short circuit exceeding about 22,000 
amperes. 

Philip Torchio: We have had, at one time or another, evi¬ 
dences of these great stresses on busbars and switches, and 
especially on disconnective switches. The latter are now 
equipped with a special lock, similar to a door lock, which we 
have found the most successful means for the purpose. 

In similar manner, we have had experience with heating of 
cables, due to short circuits close to the station, resulting in 
the cable insulation' being entirely destroyed. At the time 
we made some figures about the heating, but this was not neces¬ 
sary, because the evidence was before us. 

In reference to Mr. Stott’s plan of protective reactors de¬ 
scribed by Mr, Gross, I wish to point out that, while the plan 
may be desirable for certain installations, it lacks the flexi- 
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bility to give the greatest protection where 
are considered essential. By substituting i^divuki _A r ri 

actors in place of a reactor for a large group of Yjf 

same cost of reactors, the protection could be more ' 

To illustrate the point, we might make a compaiison m tu iii 
a plan as indicated in Fig. 14 of Mr. Gross’s paj^r and 
in which I have substituted busbar reactors and individual Iccdir 
reactors of equivalent money value, as called for in Mr. htott s 
plan of Fig. 14. 

Assuming the use of 2 per cent bus reactors in I'llacc of 2 per ec'iit 
synchronizing reactors, and 1 per cent feeder reactors in place 
of 5 per cent feeder group reactors, we would, m the i(inner 
case make an installation of 9000 kv-a. of reactors ami in t.u 
second case 4500 kv-a. of reactors of approximately e<iuo 
costs. The protection obtained on the ba.sis of the cornparati^' 
plans would be as follows: 
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Therefore, the short-circuit currents arc in all c'ascs h‘SS titan 
in the plan given in the paper; also, with th(i latter ]}lan, a slmrt 
circuit on a feeder affects equally all the other f(,!cdttrs on ilte 
section of bus, while in the case of individual fe(‘der rcac*tf»rs, 
only one feeder is affected. Therefore, with U^ss total kv-a. 
of reactors installed, greater protection is obtain(*d. 

In practise it will be found necessary to secure this grt^aicn* 
protection by installing larger ixactors than the 1 per c*cni n*- 
actors on feeders and 2 per cent reactors on Imsbars, asstirni^d 
in the example for comparison with Messrs. Stott and dross's 
example. 

In the 201st Street Station of The United lilcjciric fight & 
Power Company, to which I referred in my discussifni* ci three 
months ago of Messrs. Lyman, Perry and Rossnian’s paper, 
an illustration was given of per cent feeder rea(d.ors. llicse 
reactors were installed in such a confined space as that available 
under the floor space occupied by a type H or type C oil switch. 
I emphasize this point as it disposes of the objection that tin* 
space requirements may make the use of feeik^r rc‘a(1ors tiro* 
hibitive. 

During the first applications of reactors, there have be(*ii fears 

Trans. A.I.E.E., 1914rVd7xXXriI, Part II, . 
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that the reactors might create trouble by resonance, or surges, 
but experience has indicated that these fears were unfounded, 
and the systems have been free from complications of this kind. 

The problem of protective reactors for central stations is 
timely and of great importance. We engineers ought to come 
to some definite conclusions. We ought to give confidence to 
the executives of the companies and the people who have to 
spend the money for this protection, that we are recommending 
something that will prove .satisfactory and will give the results 
we expect. 

We have had a great deal of discussion on this subject, and 
the same discussion is going on abroad, covering the ground 
we have gone over here in former years. Now, I think it be¬ 
hooves us to start in and set up some definite standard and 
demonstrate that our methods of centralization of power supply 
bring safety as well as economy and efficiency. These items 
are perhaps of greater importance in this country than would 
probably be the case abroad, because with high wages and 
other high costs, the operating costs here would become ex¬ 
cessively high should we, for safety, be compelled to operate 
a multiplicity of small stations. 

We had two alternatives, either to select and make the cen¬ 
tralized syvStem safe, or the alternative, that our European breth¬ 
ren have taken, not to neutralize but to have a system like that 
in Berlin, for instance, where they run different stations indepen¬ 
dently, never tie them together, and supply substations isolated 
so that if they have any trouble it will be confined to one district 
and not affect the whole city. It behooves us to prove that 
our selection is better, which I believe it is, and that it is safer, 
because we ought, with the means and the knowledge we have 
now, to be able to make it safer than would be an isolated 
distribution as used abroad. 

I do not want to detract from the importance of this paper, 
because it is very valuable, and I believe that in special situations 
the arrangement of Messrs. Stott and Gross is a very good one 
and probably would fill the situation very excellently, but there 
are other situations where one must go considerably further, 
and with this scheme I have described, one can get greater 
protection, and of any degree which one desires. 

Cassius M. Davis: Mr. Gross has discussed certain arrange¬ 
ments of feeders, buses and generators, and has worked these 
several arrangements out in detail and with accuracy. I want 
to point out two things, one with regard to accuracy and the 
other with regard to the work which has to be done preliminary 
to that Mr. Gross describes, namely, trying to find out what 
is the best arrangement to give the protection desired. 

In figuring problems of this kind, one is startled at the amount 
of inaccurate information which is available to begin with. 
For example, the generator reactance is not known with accuracy. 
We have estimates of it, but these estimates are based on as- 
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sumptions. The generator reactance, then, is more or less un¬ 
known. The rate at which the short-circuit current of a gen¬ 
erator dies down is more or less unknown. We have then to 
assume a value of generator reactance and a value for the 
dying down of the current. We have to assume that we have an 
absolutely dead metallic short circuit, which is almost never the 
case. We have to assume, also, for the sake of simplicity in 
calculations, that in a polyphase short circuit all phases are 
short-circuited at exactly the same instant, which seldom if 
ever occurs. We have to assume what the back feed is from the 
synchronous apparatus in the substations. This point was only 
briefly touched upon by Mr. Gross, but the back feed from 
synchronous apparatus in substations forms a very important 
part of the total short-circuited kv-a. which a switch or feeder 
may be called upon to carry. We have to assume, also, that the 
feeders have a given length. The reason for this is that with 
a system feeding a large number of substations, such as the 
system under discussion, the substations may be any distance 
from the power house, and before determining what the short- 
circuit current is, it would be necessary to figure the short-circuit 
current for each individual feeder. Therefore, to shorten the 
work, we must assume that the feeders have some average length. 
Furthermore, we do not know at what rate the current from the 
back feed of the substations dies down. ‘You will see, therefore, 
we are trying to solve a problem where almost nothing is known 
accurately, and, consequently, the methods used in the solution 
’must be applied with a degree of accuracy in mind which the 
problem warrants. 

This leads to a point which may be of interest, namely, how 
may we approximate the probable value of the short-circuit kv-a. 
of a system? Fig. 14a, which has been referred to, gives a clue 
to one method of starting. A system with several generator 
bus sections and with a relatively large number of substations is 
usually not connected in the symmetrical manner that this 
figure indicates. If it is a new system, this can be done, but in 
the case of a system that is already in operation, or one that is 
growing, there is seldom one feeder from each bus section to each 
substation. To approximate the feeder layout we may take the 
number of feeders per bus section and find the average number 
of feeders on each bus section. Similarly we may take the 
number of feeders to each substation and find the average 
number of feeders per substation, and then we can construct a 
feeder layout which will resemble Fig. 14a. 

Having constructed such a symmetrical diagram we may, 
for the purpose of simplifying the calculations, combine the 
various parallel paths to an assumed short-circuit location and 
resolve it into a one-line diagram. 

Such a scheme is very useful in figuring the minimum react¬ 
ances which will give a marked decrease in short-circuit kv-a. 
Some of Mr, Gross’s curves show the amounts of reactance. 
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After going through all possible combinations of generator, 
feeder, group feeder, synchronizing, and bus reactors, ^we will 
find which one, for the particular system under discussion, best 
fits the conditions. Then, having decided upon that arrange¬ 
ment of reactors, more time can be spent in attempting to 
calculate accurately what the short-circuit currents will be. 

Practically the same temperature rises given by Mr. Gross 
can be obtained by using transient direct currents of the same 
r.m.s. values as the alternating current, and decaying according 
to the same exponentials. The accuracy obtained is warranted 
by the assumptions which have been made in determining the 
short-circuit currents. 

Mr. Gross gives two formulas for estimating the temperature 
rise of cables. The first one is for a symmetrical current wave 
and is not particularly involved, but the second one for an 
asymmetrical vrave is rather cumbersome. Using formulas 
involving direct currents would greatly simplify the calculations. 

H. R. Woodrow: I think if Mr. Davis will calculate again 
the short-circuit currents with feeder reactance coils he will 
find out a big advantage in favor of the feeder reactance coils 
where the feeders are paralleled in the substation. This is 
shown more clearly by the two values which were given, as 
a comparison between the plan submitted by Mr. Stott and 
the plan submitted by Mr. Torchio, where 50,000 amperes 
were given in the case of the split reactance scheme of Mr. 
Stott against 13,000 amperes as given by Mr, Torchio, and in 
both cases the figures were calculated on the assumption of 
paralleled feeders in the substation. In this case the feeder 
reactors limit the current both going and coming. That is, 
the current is limited by the feeder reactor leaving the other 
bus sections and again on the reactors leading into the dam¬ 
aged sections. We must remember in these calculations that 
1 per cent reactance for a -1000-kv-a. feeder has the same ohmic 
value as 7| per cent reactance for a 30,000-kv-a. bus section. 

As referred to by Mr. Gross in the paper, the guaranteed 
breaking capacity of the oil switch is that of the best type of 
oil switch, which is large and expensive. Therefore a further 
reduction of the maximum short-circuit current is many times 
warranted to permit the installation of a cheaper and smaller 
switch. 

We must bear in mind that the maximum forces are twice 
the average force given in this paper. The rigidity of conductor 
and supports determines the relative stress produced by the 
maximum or average forces. 

As shown in Fig. 6, the maximum current occurs when the 
short circuit begins at zero voltage. The average current, 
under these conditions, for the first half-cycle ^ is 60 to 70 per 
cent above the symmetrical condition. This produces an 
average force on an asymmetrical single-phase short-circuit 
150 to 200 per cent higher than the values given in the paper. 
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As it is impossible to have a maximum asymmetrical current 
in all three phases of a three-phase short circuit, the forces 
produced by a single-phase short circuit in a given circuit may 
be more severe than with the corresponding three-phase short 
circuit. Therefore a rearrangement of the buses in a straight 
line will not reduce the maximum stresses, although the direc¬ 
tion of the force may be changed to reduce the stress on the 

insulators. 

The author has not mentioned the forces resulting from a 
heavy current in right-angle bends on the conductor. These 
forces are very heavy and do considerable damage to discon¬ 
necting switches and the T to the bus. The average forces are 

2 X 10"^ P 

given by the equation p = - - - lb. per ft., where y is the 

distance on the T from the bus in inches. As the distance y 
is small the forces become enormous. 

The author has assumed a constant resistance for the con¬ 
ductor in determining the temperature rise, but as there is 
a 35 to 40 per cent increase in resistance with a 100 deg. cent, 
temperature rise, this would produce considerably higher tem¬ 
perature than shown. 

He has also assumed that all of the heat is absorbed by the 
copper. If the paper and oil is to be damaged, a portion of it 
must be heated, and as its specific heat is several times that of 
copper, the effect in reducing temperature rise is very marked. 

The effects of these two conditions will offset each other to 
a great extent, so that the resulting temperature may be of the 
order given in the paper. 

The effect on the result of equation ( 17 ) is very marked with 
a small impedance in the feeder circuit. As an example, if 
Zf = 0, If would be zero. 

This will bring the curves in Fig. 28 closer together, showing 
little effect of paralleling in the substation. 

The effect of the results of equation ( 18 ) depends on the 
relative values Zq and Zf and may be considerable. 

If the short circuit occurs on an end or any T to the syn¬ 
chronizing bus, the total curve given in Fig. 22 will be through 
one circuit, and the stress would be very severe. 

Mr. Gross referred to the bus reactance as objectionable, 
due to the unbalance of voltage where only one generator was 
running. This of course can be avoided by short-circuiting 
the coils corresponding to the generators out of service and in 
no case will the short-circuit current be as severe as when all 
generators are running with all the bus reactance coils con¬ 
nected in the bus. 

_ James Lyman: The^ formulas derived in this paper will 
simplify the determination of the possible stresses which take 
place in cables and busbars under short-circuit conditions, also 
of the possible temperature rise of same. The paper shows 
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that the repulsive stresses are inversely proportional to the 
distance apart of the conductors measured from center to center 
of conductor. 

The paper also shows that heating varies inver-sely as the 
square of the sectional area of the conductors. The larger the 
cable, the less mechanical disruptive strains on the conductors, 
the less danger of excessive heating on the conductor. In such 
distribution systems as the author has in mind, there is every 
reason to use as heavy cables as can be safely and conveniently 
handled, say for 11,000 volts, around 300,000-cir. mil cables. 

I have been much interested in the discussion of protective 
reactors. The variety of schemes which have been presented 
in various papers before the Institute in this country and before 
the British Institution of Electrical Engineers shows what a 
really difficult problem it is. The problem is to get the mini¬ 
mum kv-a. reactance to give the maximum protection to the 
generators, the buses and the feeders. 

John B. Taylor: If I read this paper correctly, the author, 
after considering possible sources of trouble, concludes that the 
one most likely to be serious is the overheating of a length 
of cable. The generators appear able to stand short-circuit 
strains, the buses are well supported; the mechanical strains, 
tending to burst a cable, seem to be well within the tensile 
strength of the wrappings, etc., so that it comes down to the 
question of what temperature the cable may stand, and the 
time to reach this temperature with a given current. Close 
attention therefore should be directed to the calculation of 
this temperature. 

A previous speaker called attention to the fact that he did 
not see in the formula any temperature-resistance coefficient, 
but he concluded that this omission was not serious on account 
of other balancing factors. While the author’s facility in hand¬ 
ling the mathematical equation is to be admired, here, as al¬ 
ways, mathematical conclusions are no more reliable than the 
facts and assumptions written down. If it is possible to ar¬ 
range affairs so that the temperature of cable conductor will not 
go above, perhaps, 100 deg. cent., this omission of the tem¬ 
perature-resistance coefficient may not be vital. If I am right 
in my impression that for 200 deg. cent, rise, the resistance 
becomes doubled, at 600 deg. cent, rise the resistance and heat 
generation would be about eight times that allowed for in a cal¬ 
culation assuming constant resistance. The curves in the paper 
extend to temperatures where rcvsistance must be increased 
sufficiently to make in error the times required to reach the 
higher figures. 

If the short circuit is so located that the resistance of 
the cable is a factor in limiting the current, the resulting 
heating may be less, but, following the argument of the 
author of the paper, we must be prepared to meet the worst 
case of short circuit a short distance beyond the busbar, where 
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the cable resistance is of no moment in limiting the current, 
and then the cable heating will be much more than his curves 
show. 

The suggestion that the higher specific heat of the insula- 
tion wrappings is going to relieve the situation is to be 
questioned. While the specific heat may be higher than copper, 
the specific gravity is much lower, so that the insulation must 
heat to some depth before absorbing any considerable quantity 
of heat. Also, insulators for electric current are usually good 
heat insulators, i.e., poor heat conductors. 

R. W. Atkinson: It has already been mentioned that the 
data given are for the average force between the conductors 
and the cables or in the busbars. Now the forces are enormous 


as compared with the masses, and it seems from some very 
rough calculations which I have made that perhaps the maxi¬ 
mum force is what would count, at least in the case of cables. 
This would be somewhat more than double the average force 
in the symmetrical wave, and I believe it would be somewhut 
more than four times as much as in the assymnietrical wave. 

Now, we have been shown something of the magnitude of 
the forces, and it is of interest to note what are the magnitucics 
of the quantities which are resisting these forces. Mr. Stott 
mentioned them as being very large. We have in a foot of 
cable of the size mentioned about four or five square inches 
of paper, to withstand the force developed in the foot of the 
conductor. The tensile strength of that paper before it is 
applied is of the order of 8000 lb. to the sq. in., so that we 
would have something like 30,000 or 40,000 lb. as the ultimate 
strength of the paper if it retained its original strength. Of 
it has lost much of that strength by the time it is put 
on the cable and pulled into a duct, but even then, there re- 
mams, when the cable is new, a very large factor of safety for 
he order of magnitude of current which is recommended as 
the maximum safe current. After the cable has been over¬ 
heated for a few months or years, the strength will be not nearly 
so large, and these forces wiU be of more importance. Thus, one 
of the possibilities IS that these forces which exist will tend to 

f ^ deteriorated as 

tar as its electrical properties are concerned, but which has de- 

fwithstand these forces, 
of the temperature coefficient of the resistance 

whit w ^ brought up, and it is evident, from 

matiii account in a mathe- 

^ pretty complicated matter. Sup- 

the iffitial evidently we should not use 

le^v^i^il calculation. It would not be a 
• y ^^^pheated matter to exercise a little iude'ment and 

m the formula, a resistauce which woSd ap^SJe 
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The effect of high temperatures upon insulating materials 
has been previously discussed before this Institute. The direct 
reduction of dielectric strength is not so important as the 
change of other properties. Even at the operating temperatures 
there is a very slow deterioration of mechanical properties. 
But the fibrous insulating materials used in cables may with¬ 
stand without material permanent change, for a very brief time— 
perhaps only a very few seconds, temperatures of even 200 or 
300 deg. cent. Of course, if such temperatures are reached in 
a large cable, dangerous temperatures will be maintained for 
some time. Also, if working voltage is reapplied while the 
cable is at an abnormal temperature, the cable is in danger of 
further overheating and ultimate destruction due to the dielec¬ 
tric energy loss which becomes very great at high temperatures. 

If the copper gets red hot it chars at least some of the layers 
next to it. Just as a rough method of seeing what might happen, 

I put enough current through a No. 8 conductor to melt it in 
about four seconds. The No. 8 conductor was insulated in 
the same way that the high-tension cables mentioned in the 
paper are insulated. The effect of this heating was to char 
completely one or two layers next to the conductor; the rest 
of it was unaffected. A very noticeable effect was the extremely 
large amount of gas given off due to the destruction of only 
one or two layers of papers. It is possible that a short circuit 
which would heat the copper enough to char very much of the 
paper might destroy the lead cover by the gaseous pressure 
generated. 

All of these things are subject to experiment, and the actual 
limit of overheating which a conductor will stand, due to the 
effect on the insulating materials of these very high tempera¬ 
tures lor a brief time, is an important problem, and the deter¬ 
mination of these things seems to be of a good deal more im¬ 
portance than the knowledge of whether the temperature rise 
is 10 per cent or 25 per cent more or less than some particular 
formula will show. These things and the effect of the enor¬ 
mous mechanical forces which are developed can be determined 
by not expensive experiment. 

Charles L. G. Fortescue: The degree of protection made 
against any contingency should be based on its probable fre¬ 
quency and the extent of damage that would result ^ there¬ 
from. With a normally designed system, short circuits are 
much more frequent in the feeders than in the station buses, 
and therefore proper protection requires that a short circuit 
in any feeder be relieved with the least possible disturbance^ to 
the system. It appears to me that a protective layout which 
permits a short circuit in a single feeder to cause as.much dis¬ 
turbance as a short circuit at the buses is inadequate. It 
seems to me that scheme 5-1, Fig. 14, and the similar schemes 
shown, would afford better protection if reactors equivalent in 
effect to Zb were placed in each of the feeders, each feeder of 
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course being provided with an automatic breaker, while Zy- 
IS decreased and Zo correspondingly increased. In other words 
a combination of Mr. Stott’s scheme and the feeder reactance 
scteme appears to have distinct advantages over either. 

Hans Lippelt: In the recent past we have repeatedly heard 
of reactance coils as protective devices, but little attention has 
een paid to the question of efficiency, which, however, should 
e considered whenever an apparatus is being employed. As 
our president has remarked tonight, reactance in an a-c. cir- 
formerly dreaded like poison, and mainly so on account 
ot the increased losses caused thereby. The fact that artificial 
reactors are nowadays provided for the protection of large 
generators does not mean that the poison has been taken out 
o them. On the contrary, the losses incurred by installing re¬ 
actance coils have rather increased, because the strength of cur¬ 
rent passing through them has reached, with large units, enor¬ 
mous values. ^ As we all know, the losses through reactance 

r.a ® two-fold. First, the power factor is being 

diminishes the output capacity of the generators 
becond, for a given power to be transmitted, the strength of 

increased just on account of the smaller power 
factor. Higher values of current entail larger Pr losses and 

paM ^for greater evil of the two, because it has to be 

learned today, a small reactance coil (say 5 per 
ne^it inffnnn°^ ^ limited protection. For instance, it may 

20 91 P^"® switch 

til- k’- paper), indeed an undesirable con¬ 
''in™" and IheT 

crease m Ir losses maybe bearable, the danger which still 
slumbers m the system is great. The destruction of an oil 

not ^ conditions, may, in 

enect, not fall short of a boiler explosion 

artificial reactance the vehe- 

bv thp°llPotmay be held within limits as prescribed 

oJder to ohtll^^ mechanical ability of the system. In 
order to obtain such a condition, reactance must be so hi<yh 

®Pj^^^mn of plant becomes uneconomical 

Would It not be better to attack the evil at its root by chan^. 

ing the electncal system as a whole, instead of only attemotfng 
to improve a part of it? ' ^ attempting 

What I iiHsh to propose is a direct-current system at high 

ih Mr ^osthe'^ase discuSfd 

™t ?rsucb 12T f °Pe^^te direct 

u rent of such voltage, is too early for me to say, but I wish 

to point out briefly the advantages of a high-voltage d-c. system 

natffigS^i^enf .current the same as for^alter- 

® obtained with more reliability and 

without impairing operation or efficiency. ^ 
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Reactance coils of high self-induction may be employed, and 
yet the power factor will always remain unity. There will be 
no increase of current necessary to transmit a given power and 
the Pr losses will not be more than before the introduction of 
coil. Pr loss of coil is negligible. After all, the reactance coils 
should be provided with iron cores. In order to make the coil 
fully effective a resistance should be employed in connection 
with it. Referring to the accompanying Fig. 1, Zg represents 
the generator reactance coil with iron core, and Rg a resistance 
which is ordinarily short-circuited by switch 5 g • Part of iron 
core is made movable and serves to operate switch 5 g . ^ 

In case of a short circuit our apparatus will, owing to its high 
inductance, delay the occurrence of the maximum value of cur¬ 
rent (one second, or more, seems possible). During this delay 
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switch So will be opened and resistance Rc, introduced, with the 
effect that the maximum amount of current will be kept down to 
reasonable magnitude. For a 30,000-kw., 11,000-volt generator, 
3-^ ohms only will suffice to hold the current down to about 20 
per cent overload, which does not mean any danger at all to the 
generator. Besides, there is no possibility here of synchronous 
apparatus falling out of step. 

Other reactors may be installed in the system for the protection 
of parts of same. The accompanying Fig. 1 shows iron core 
reactors installed at intervals in an overhead line, in connection 
with lightning arresters. By proper design of reactor, lightning 
strokes will be localized to a section, and diverted to ground. 
The iron cores will come into action when the surge begins to 
set in, and will throttle it down. _ 

Such results cannot be obtained with a-c. systems. High- 
voltage d-c. systems are now being favored by engineers abroad. 
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The transmission of 12,000 kw. from Sweden to Denmark by 
90,000-yolt direct current in a cable at the bottom of the sea, 
is a striking example of it. (See Electrical World. February 8, 
1913, page 294.) ' ’ 

S. I. Oesterreicher (by letter): From the unchallenged re- 

marks- of Mr. Lippelt, at the last Institute meeting, about the 
advantages of a high-tension direct-current system over a similar 
alternating-current system, it might appear that the Thury d-c. 
system is immune from disturbances and reactor losses as ex¬ 
perienced on large a-c. systems. 

Among the several contrary opinions to the above statement, 
I beg to go on record as one who claims that Mr. Lippelt’s state¬ 
ment will not be able to stand up if investigated. 

There are no available data upon which to base a somewhat 
reliable comparison between a-c. systems of the magnitude and 
severe operating conditions as described in Mr. Gross’s paper 
and similar d-c. systems. This, after 15 years of experimenting 
in Trance and Switzerland, certainly does not encourage an 
American operating engineer to investigate the merits of an un¬ 
certain and untried system, and recommend a change from a 
well-known a-c. system to high-tension direct current, with some 
entirely new troubles, plus some of the old tricks of the a-c. 
system. Granting however, that such a radical operating en¬ 
gineer exists, who would be thoroughly convinced about the 
advantages of a high-tension direct-current system and recom¬ 
mend a change to the same, I think he would have a little diffi¬ 
culty to raise the capital needed for such a project; furthermore, 
an American manufacturer who would guarantee a reliable 
operation would be hard to find. 

Mr.^ Lippelt did not dwell at greau length upon the merits or 
demerits of Mr. Gross’s paper, nevertheless he showed us in a 
very capable manner, that by the introduction of reactance in 
alternating-current circuits, the current wave will lag behind 
the e.m.f. wave, which means loss of energy; and while perhaps 
some electrical engineers suspected such conditions, he certainly 
took everybody by surprise, when he stated that iron-core * 
mactors in high-tension direct-current systems are immune from 
losses and disturbances. 

I beg to ask Mr. Lippelt to give the Institute data from actual 
igh-tension direct-current practise, where iron-core reactances 
are used and where on such systems such coils are immune from 
hysteresis losses. Until such a time I beg to claim that ho^ 
core reactors on the Thury system will behave—with certain 
numerical modifications ^in the same way as on alternating- 
current circuits. ^ This on account of the Thury system, which, 
speaking theoretically, is not a direct-current system in the sense 

battery, but an alternating-current system, 
changed by commutation into a wave of very flat shape, of either 
positive or negative sign, or perhaps both, and having a frequency 
^qual to the rev. per sec, times number of commutator segments, 
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divided by the number of the brush groups. The height of the 
wave will be determined partly by the generator characteristics 
and partly by the regulation of the line. Any oscillograph will 
easily prove this fact. 

Now let us assume the high-tension direct-current project 
from Trollhaetten to Copenhagen, the one mentioned by Mr. 
Lippelt, and let us assume that this line will have a regulation 
of one-half of one per cent at normal operating conditions, or, as 
per the potential given us by Mr. Lippelt, for 90,000 volts, this 
line voltage would fluctuate 450 volts. 

Since there are no available data about the characteristics 
of the Thury generators, we will omit them from our considera¬ 
tion, with the additional remark that these generators are in¬ 
significant in size, when compared with the units mentioned in 
Mr. Gross's paper. 

A fluctuation of 450 volts in the line will set up a flux in an 
iron core of 


450X108 
47^,/iV.... lines 

where Fe is the form factor of the wave shape, 

/, the frequency, or in this case the pulsations per second, and 
N, the number of turns in the reactance coil. 

From this equation it becomes apparent that, even under 
the most normal operating conditions, there will be a counter 
e.m.f. generated in the reactance coil winding, due to the flux 
generated by the voltage variations of the line. This counter 
e.m.f. will certainly mean a loss of energy. The energy required 
to set up the flux in the iron core will also be a loss. 

When considering a large system, consisting of six 30,000-kw. 
generators, feeding into a'fluctuating railroad load, with say 15 
times normal load as the maximum short-circuiting current, it 
will be a simple matter to realize that iron-core reactance coils 
will be very little better—if not worse—on high-tension d-c. 
lines, than our air-core reactances in their a-c. circuits. 

Summing up, I believe that the Thury high-tension direct- 
current system will not as yet solve our present metropolitan 
energy distribution problems. It will not solve them, first, on ac¬ 
count of its unreliability of operation as experienced in southern 
France; second, it will offer no better protection against opera¬ 
ting disturbances, and last but not least, on account of its rather 
complicated station wiring, when compared with our high-ten¬ 
sion a-c. generating stations, I 

Alfred E. Waller (by letter): Mr. Gross’s statement “ In a 
paper-insulated lead-covered cable, the force is exerted on the 
over-all wrapping around all three conductors " appears to 
me incorrect. It would be true if the conductors were straight 
bars arranged parallel to each other in the triangular spacing 
indicated, and under the assumption of current conditions given 
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by Mr. Gross in his discussion. The conductors of a high-tension 
cable of this kind are laid like the strands of a rope and form 
spirals parallel to and at equal distances from each other. 
Hence any motion radially away from the center of the cable 
implies increase in the diameter of the spiral, and this could 
be attained only by elongation of the conductors. ^ The conclu¬ 
sion is that the stresses set up by the condition which Mr. Gross 
proposes, would be taken up by the copper itself and not by the 
wrapping. As a matter of fact an equal r.m.s. current of the 
same sign in each conductor of the three-phase cable, would 
probably never occur. A normal if not inevitable condition would 
be presented if one conductor were assumed to carry current of 
different sign from the other two, and equal in volume to the sum 
of the current in the other two conductors. 

Philip Torchio (by letter)In Fig. Md of my remarks, I 
have shown busbar reactors and feeder reactors in contrast with 
Mr. Stott’s arrangement, shown in Fig. 14. A recent patent. 



Fig. 14e 


issued to Messrs. Torchio and Woodrow, gives a combination of 
mutually inductive reactors, as shown in Fig. 14e, where genera¬ 
tor and. busbar reactors are combined in one coil mutually induc¬ 
tive. By so doing, they secure not only generator protection 
but increased efficiency of the busbar reactors, in reducing poten¬ 
tial drop, for the reason that the short-circuit current, in one sec¬ 
tion of the system, is made to assist in keeping up the^ voltage on 
the other sections not directly involved in the short circuit. 

This combination would give similar advantages in Mr. Stott 
arrangement if the synchronizing reactor and the feeder group 
reactor were combined in one mutually inductive reactor, thereby 
securing the following advantages: 

1st. The space required is very much less. 

2nd. The mutual inductance between the two sections of the 
coil limits the current to a greater extent for a given amount of 
copper. 
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3rd. A short-circuit disturbance causes less voltage drop on the 
remainder of the buses, as the current in the short circuit is made 
to assist in keeping up the pressure on the rest of the system. 

I. W. Gross: Several of the points which have arisen in the 
discussions have been answered wholly or in part by those which 
follow. 

Mr. Torchio’s comparison of Mr. Stott’s plan of feeder bus 
and synchronizing reactance with his own plan of feeder and bus¬ 
bar reactance, is very misleading, to sa}^ the least. Take the 
condition of “ Short circuit on a feeder—Feeders in parallel at 
substation.” In Mr. Stott’s plan there are two methods of 
paralleling feeders at the substation: one as shown in Fig. 14, 
where any substation receives power from only one bus section, 
the feeders being paralleled on a common bus at the substation; 
and the other as shown in Fig. 14a, where all substations have 
at least one feeder from each bus section. 

In the former Fig. 14, you lose flexibility at the expense of a 
decreased short-circuit current; in the latter. Fig. 14a, the oppo¬ 
site is true. With the former scheme the feeder short-circuit 
current is only 23,600 amperes regardless of whether the feeders 
are paralleled at the substation or not, and this is less than twice 
the current in Mr. Torchio’s plan. 

Further, when the short circuit occurs on the bus only one-fifth 
of the current of 88,000 amperes, or 17,600 amperes, is required to 
be opened by any oil switch. No danger from overheating exists, 
as the heavy busbars are perfectly capable of carrying this 
current for a short time. 

In Mr. Torchio’s scheme the entire current of 76,000 or 81,000 
amperes may have to be broken on a small feeder oil switch. 
This is obvious if the short circuit occars between the pots of 
the oil switch and the feeder reactance. Under this condition 
of short circuit Mr. Woodrow’s ” cheaper and smaller oil switch ” 
which would safely break 12,000 to 13,000 amperes, would un¬ 
questionably fail when required to break 76,000 amperes. 

In brief, then, it appears that Mr. Torchio’s plan, instead of 
furnishing more than treble protection over Mr. Stott’s scheme, 
in reality provides less than one-third the protection, that is, 
76,000 against 23,600 amperes, and will likewise require a larger 
and more expensive feeder oil switch for full protection. 

Mr. Torchio, after comparing the two schemes on an equal 
cost of reactance basis, adds that, ” in practise it will be found 
necessary to install the 1 per cent feeder reactance and 2 per cent 
busbar reactances,” thus admitting the greater cost of his scheme. 

I do not wish to minimize the value of Mr. Torchio’s scheme; 
for the protective worth of the feeder reactance scheme and the 
busbar reactance plan are well known, and a combination of the 
two will undoubtedly do what neither can accomplish alone. 

I thoroughly appreciate Mr. Davis’s discussion of the inac¬ 
curacies and approximations which enter into an analysis of 
this kind. The computations involved when taking actual feeder 
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lengths, which in our case varied from less than one to 

over eight miles, and number of cables, which were as few as 
three and as many as seven, become “Oftj;omplex. 

In the curve for Fig. 27 , as noted by Mr Woodrow, the 
effect of the relative value of irnpedance in the circuits 


be considerable. , ^ lo 

The effect of paralleling of feeders at the substation end is 

therefore considerable, and increases still more as t e numi^r 
of feeders to a substation increases. This applies only where 
feeder reactance is used, or in Fig. 14a, where the feeders to any 
substation are distributed among several or all of the teeder 

bus sGctions. 

The effect of temperature coefficient on the computed tempera¬ 
ture rises can best be taken care of by “ the exercise of a little 
judgment,” as suggested by Mr. Atkinson. Having decided 
upon the maximum temperature you wish to allow in the coppery 
merely use the resistance of copper for that temperature, and 
assume this resistance as existing throughout the entire^ period 
of heating. This, of course, would allow a margin of safety, as 
at the instant of short circuit the resistance would be consider¬ 
ably below the value actually used. Another method would be 
to take the resistance at a temperature one-half of the maximum 
you wished to allow. This would undoubtedly give a very close 
approximation to actual ultimate temperature. 

A value of 11 ohms per cir. mil-ft. was used in the paper. 

In Fig. 14a., or a modification of the same by allowing feeders 
to any substation to come from only two feeder bus sections, 
that is, sectionalizing the substations by groups, Mr. Torchi(,)'s 
patent reactance scheme of combining the feeder bus and syn¬ 
chronizing reactance into one coil, would have the effect of tend¬ 
ing to increase, the current through the oil switch of the feeder 
undergoing short circuit. For, while choking off any current 
which would tend to flow from the other four units it would 
thereby maintain a higher bus voltage which would be impressed 
on the feeders interconnecting with other substations, and 
thence feeding back through the feeders to the affected bus 
section. Thus the net effect might be to increase the short- 
circuit current through the oil switch. 
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CONDITIONS AFFECTING THE SUCCESS OF MAIN 

LINE ELECTRIFICATION 


BY W. S. MURRAY 


Abstract of Paper 

In this paper are laid down the conditions affecting the suc¬ 
cess, for both the public and the railroad, of a main line ^elec¬ 
trification project, as they have developed in the author s ex¬ 
perience with the New Haven 11,000-volt, 25-cycle,^ single¬ 
phase, overhead contact^ system. ^ Reliability of service and 
comfort and cleanliness in operation constitute success from 
the point of view of the public, while^ the railroad requires, in 
addition, economic success. Success is dependent, apart from 
the engineering, construction, and operating features, entirely 

upon the density of traffic. ^ \ ^ 

A commercially successful electrification is one which cuts 
the operating expenses of steam-operated territory it has^ re¬ 
placed to a figure such that the savings effected are sufficient 
to justify the investment. The savings in operating expenses 
made by electrification are, in the order of _their importance; 
saving in fuel; saving in motive-power maintenance and re¬ 
pairs; saving in train-miles. ^ ^ 

As specimens of the reliable data being obtained from the 
operation of the New Haven system, statistics from a recent 
monthly operating report are presented in tables as follows: 

1. The amount, distribution and cost of electric power 
generated at Cos Cob station. 

2. Statistics and operating costs of electric passenger service. 

3. Statistics and operating costs of electric freight service. 

4. Statistics coverings line and equipment failures. 

Tables are also presented showing construction costs for 
catenary construction of different types, including anchor and 
sectionalizing bridges. 

B efore touching upon the conditions affecting^ the success 
of main line electrification, perhaps it would be best to 
address ourselves to the question as to what constitutes success. 
A successful electrification may be considered as such from 
several viewpoints, and this leads to the necessity of a clear 
understanding with regard to projected results, both on the 
part of the railroad and the public. 

A successful electrification means, of course, successful trans¬ 
portation by electric motive power. Classifying success into 
its broadest terms, an electrification may be: 

1. A success for the public. 

2. A success for the railroad. 

3. A success for both the public and the railroad. 
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Naturally the greatest objective is the attainment of No. 3 of 
the above classification. 

The railroad is vitally interested in the pronouncement by 
the people as to whether its electrification is successful or not, 
and, while the viewpoint of the railroad is identical with that 
of the people throughout their range of vision, looking at it, 
however, from the purely railroad side, a successful electrifica¬ 
tion, besides this, must answer the dictates of good business, 
which in turn are governed by the rules of economic consideration. 

In latter times the tremendously decreased gross earnings 
and a complementary increase in operating expenses have so 
greatly reduced the net incomes of the railroads that the public 
have awakened to the fact that they are staggering under a 
financial load which, if not modified or alleviated in some way, 
will shortly make receivership the rule rather than the exception. 

A few years ago a movement was started by the public to 
require the railroads to electrify, this being directed towards 
roads of large size with their attendant city yards and terminals. 
There were two principal and logical factors against the justice 
of this demand, the first being that at that time there was very 
little statistical information as to form, application, and eco¬ 
nomic result of electrification; and, second, due to the extremely 
grave financial situation as above described, it was patent that 
the railroads could not possibly carry the increased financial 
obligations that such a demand necessitated. The public were 
thus brought face to face with the undeniable conclusion that 
they were demanding something impossible, and so there has 
been a pause on their part, which has indeed been gratefully re¬ 
ceived by the jailroads of this country. Let it be said that this 
very pause will later shed its dividends over many, for during 
this time the few railroads that had committed themselves to 
electrification have had an opportunity to study it in all of its 
important details and ramifications, and later, after an adjust¬ 
ment has been made whereby the solvency of the railroads of 
this country is guaranteed by a proper relation between trans¬ 
portation rates and operating expenses necessary to the safe 
conduct of their business, with enough left over to provide a 
reasonable return on a fair valuation of the property in use, 
then, and only then, will the railroad companies be able to 
do what today they cannot, namely, attract new capital required 
for electrification; and so, while a reference to this matter may 
be slightly off the subject of this paper, yet I cannot but take this 
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Fig. 1—Four-Track Tangent Compound Catenary Construction 

Showing anchor bridge in the immediate foreground, with sectionalizing^switches in¬ 
stalled thereon. Signal tower is seen at the right of the tracks, and from hhis tower sec- 
tionalizing switches are controlled. Note also crossover under anchor bridge, with its 
overhead contact wire. 
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Pig. 2—-Six-Track Tangent Compound Catenary Construction 

Showing electric freight locomotive and train. Freight trains are operated between 
Harlem River and New Haven, the normal maximum tonnage of 

double locomotive and multiple-unit control, up to^SloO tons. The introduction oi 
freight hauled by electricity has permitted the division to increase the steam tonnage 
rating twice, reduce time by 33 per cent and train crew expenses to one-halt. 
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opportunity to say in the abstract that this is indeed an im¬ 
portant condition precedent to successful electrification. 

The pause has given us a chance to learn many things about 
electrification. I do not believe that I would be conveying in¬ 
formation to many who have studied the subject to sa}^ that 
there are probably one hundred places at this moment where 
conditions are such as to ensure successful electrification. For 
example, there is one situation I have in mind where an ex¬ 
penditure of $5,000,000 would yield beyond peradventure a 
return of 20 per cent—this as measured against the present steam 
operation of the territory'contemplated for electrification; and 
yet in the same breath it might be said that if the yield could 
be shown to be 40 per cent instead of 20 per cent the electrifica¬ 
tion of that territory would be denied, and rightly, too. Why? 
Because, for roads sufficiently large to consider electrification, 
a sum of this size is small in comparison to their existing capital 
investment, and a proper relation must first be established be¬ 
tween capital already invested and the return upon it before 
further charges against capital account are made, no matter 
how attractive the return on the proposed betterment may be. 

Quite a number of trunk line railroads, both in this country 
and abroad, have been studying electrification. The New York, 
New Haven and Hartford Railroad has not only been studying 
it most carefully, but has also had the opportunity of assembling 
data from the practical experience of operation with a range 
of application that includes all classes of transportation. Millions 
of ton-miles in these several services have been actually recorded 
in the logs of the road’s operation. In passenger service alone 
for the year 1913, 2,182,000 electric passenger locomotive-miles 
were recorded, which alone would represent approximately 
600,000,000 ton-miles. The part of the New Haven system 
that has been electrified constitutes its most important division, 
extending from New Haven to New York, and on its main line, 
yards, sidings, and spurs every class of railroad movement is 
being daily made by electricity. A brief physical description 
of this division may be as follows: 

Route mileage electrified, 73 miles, of which 61 is of four 
tracks and 12 of six tracks, thus giving a total main line mileage, 
measured in single track, of 316. To this may be added 184 
miles of yards, sidings, and spurs, thus making a grand total, 
measured upon a single-track basis, of 500 miles. It is of in¬ 
terest to note that of the yards electrified one includes 35 miles, 
the other 25 miles. 
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Electric power is supplied to this extensive mileage from a 
single station, centrally located, but which, in a short time, will 
be supplemented by other supplies to be applied at the east and 
west ends of the electrification zone. There are 100 passenger, 
freight, and switching electric locomotives, and 69 multiple-unit 
cars. One main electrical shop has been completed, the capacity 
of which permits the maintenance and repairs of the above- 
mentioned electric motive power. Facilities for inspection of 
electrical equipment are also provided at various points in the 
electrification zone, the more important points being, of course, 
at termini. 

To date, over $15,000,000 has been expended on this elec¬ 
trical transportation plant as above described. While such a 
figure represents the cash outlay, they have accrued to its appro¬ 
priation accounts, during the process of construction, large credits 
for steam equipment replaced, as, for example, the 150 steam 
locomotives which have been transferred to other parts of the 
New Haven system, and the steel bodies of the multiple-unit 
equipment, which would have been purchased even had not the 
electrification been undertaken. 

Descriptive of the electric movement on the New Haven 
electrification zone, the following facts with regard to passenger, 
freight, and switching service may be of interest: 

Passenger. At the present time all passenger service west 
of Stamford, Conn,, is electrically operated. For the winter 
time-table now in effect, excluding Sundays, the schedule calls 
for 68 trains per day into Grand Central Terminal, two through 
trains terminating in Harlem River Station and the same number 
of trains out of the Grand Central Terminal and Harlem River, 
or a total of 140 trains per day. 

The Harlem River Branch service includes 19 trains each way 
per day, except Sundays, between New Rochelle and Harlem 
River. 

On the New Canaan Branch 16 trains are operated each way 
between Stamford and New Canaan. 

This makes a total week-day schedule of 210 trains per day. 
Additional trains in and out of Grand Central Terminal are 
operated on Saturdays, and extra trains are also run on the 
Harlem River Branch on Sundays. 

Of the 70 through trains per day between Grand Central 
Terminal, or Harlem River, and New Haven, 46 are electrically 
operated the entire distance, steam locomotives being used be¬ 
tween New Haven and Stamford on the remaining 24 trains. 
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Of the 210 trains per day, 114 are hauled by electric loco¬ 
motives, multiple-unit equipment being used on the remaining 
96 trains. 

Forty-eight a-c-d-c. locomotives are used in passenger ser¬ 
vice. The multiple-unit equipment at the present time com¬ 
prises four a-c. motor cars, 21 a-c-d-c. motor cars, and 46 trailers. 

The average number of electric train-miles per day is about 
6600, of which 1400 are made by multiple-unit equipment, the 
remaining being trains hauled by electric locomotives. 

The passenger locomotives make an 'average of 8200 miles 
per day, some of the individual locomotive mileages being as high 
as 450 to 500 miles. Forty-one of the 48' passenger locomotives 
used in a-c-d-c. service were originally designed to haul trains 
of 200 tons trailing weight in local service, 250 tons in local - 
express service, and 300 tons for through express service between 
New York and New Haven. At the present time two of these 
locomotives are only used, on through express trains where the 
trailing weight exceeds 390 tons, and two locomotives ma^^ also 
be used on heavy local trains. 

New flash boilers have recently been installed in these 41 
locomotives, of increased capacity, to provide for steam heating 
of through passenger trains between New York and New Haven. 
This is accomplished successfully. Through service between New 
New York and New Haven was inaugurated in June, 1914, and 
these locomotives easily make their rufining time in express 
service. 

The remaining seven a-c-d-c. passenger locomotives were 
originally designed to haul local trains of 350 tons trailing 
weight or express trains of 800 tons trailing weight at a maximum 
speed of 45 miles per hour. In actual service these locomotives 
attain a maximum speed of 55 miles per hour. 

The multiple-unit motor cars make an average of 2100 miles 
per day. The proportion of trailers to motor cars for a-c-d-c. 
equipment averages two trailer cars to one motor car. On the 
New Canaan Branch the proportion is one trailer car per motor 
car, while on the Harlem River Branch about one-half the trains 
have two trailers per motor car, the remaining trains consisting 
of a motor car and one trailer. 

Of 96 trains operated per day by multiple-unit equipment, 
38 are Harlem River Branch locals, 32 are New Canaan Branch 
locals, and the remaining 26 are either locals or local express 
trains between New York, New Rochelle, Port Chester, Stam¬ 
ford, and New Haven. 
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Freight. Thirty-six a-c. locomotives are used in freight ser¬ 
vice. These are geared locomotives of 1400 h.p. each and 
designed originally to haul a trailing load of 1500 tons in through 
service at 35 miles per hour, although they are used at times for 
heavy passenger service in the a-c. zone during the summer 
months, when heating of the trains is not required. Some of 
these a-c. locomotives are used in transfer service between Oak 
Point and Westchester freight yards on the Harlem River Branch, 
others in way freight and switching service, but the majority 
are used on through freight trains between Harlem River and 
Bridgeport or New Haven. Outside of the fast freights, which 
are usually under 1500 -tons trailing weight, most of the freights 
are hauled by two locomotives, the trailing tonnage averaging 
from 2500 to 3000 tons, although, as an experiment, tests have 
been made in using three locomotives with trains of over 200 
cars and 4500 tons trailing weight. 

About 20 freight trains are hauled daily at the present time 
by electric locomotives between Harlem River and Bridgeport 
or New Haven. 

Switching. Electric switchers are used in the three main 
switching yards on the Harlem River Branch, located at West¬ 
chester, Oak Point, and Harlem River; likewise at vStamford, 
Port Chester, New Rochelle, Mt. Vernon and at Van Nest, 
the latter yard being principally used for storage. 

At Oak Point and Harlem River the switchers are used prin¬ 
cipally for unloading and loading floats and making up trains. 
One switcher was placed in service in March, 1911, at Stamford, 
and the remaining 15 have been in operation since September 
1912. They have been highly successful in operation, and their 
reliability is evidenced by the fact that to date there has only 
been one case of grounded main motor, although the 16 locomo¬ 
tives have made approximately 50,000 miles each. Some of 
these locomotives have been at times in continuous service 24 
hours per day for 30 days, the only attention received being the 
renewal of blower or compressor motor brushes, or contact shoe 
of pantograph trolley at such times as change was made of the 
operating crew. 

Four of these electric switchers have been found to do about 
the same work as six of the steam switchers, which they have 
displaced, principally on account of the fact that the electric 
switchers can be used almost continually with no lay-over 
periods. On account of the simplicity, of the equipment on 
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these locomotives, used only on alternating current, compared 
with the more complicated equipment used on the a-c-d-c. 
locomotives, no trouble has been experienced in breaking in 
new men, and, as a rule, the engineers need comparatively little 
preliminary instruction when being transferred from a steam 
locomotive to an electric switcher. 

Mercury Rectifier Car. For some time a motor car has been 
in service which has been equipped with a Westinghouse-Cooper 
Hewitt mercury arc rectifier and four 250-'h.p. motors. After 
a period of experimental runs on the Harlem River Branch, this 
car was placed in commercial service on the Ne^v Canaan 
Branch on September 16, 1914, hauling two trailers, the weight 
of the trailing load being 76 tons. In this service the motor 
car has been making an average of 240 miles per day. During 
the time the car has been in commercial seiwice two delays due 
to failure of “the equipment on the motor car have been re¬ 
corded—one of three minutes on October 13 due to poor con¬ 
tact of a control interlock finger, and one of sixteen minutes on 
October 16, due to a broken belt on the circulating water pump. 

In 1905, when it became necessary for the New Haven Road 
not only to actively consider electrification, but promptly decide 
upon the system to be used, as there was but a scant two years 
left between that time and the date set by the decree of the New 
York Court for all New Haven and New York Central trains to 
operate by power other than steam through the Park Avenue 
Tunnel, a careful study into the conditions surrounding the New 
Haven requirements pointed to the necessity of a system differ¬ 
ent in principle and arrangement from that which had been 
decided upon and very nearly completed by the New Y"ork 
Central Company—not that the New York Central Company 
had not made a choice of system w’^hich was entirely correct, 
but because the New Haven conditions were so entirely different 
from those of the Central. If we regard the New Haven elec¬ 
trification a success, here we must first note conditions that had 
to be reckoned with to ensure that success. 

It was plain to the engineers who had studied these conditions 
that even in that early day, when the direct-current, 600-volt, 
third-rail system was at the height of its efficiency and popu¬ 
larity, it would fail by far, when examined upon an economic 
basis, in the result that would be secured in the use of the high- 
voltage, single-phase system. 

In those days our experience with the a-c. system was ut , 
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a clear vision as to the correctness of its principles, ]Knve\'er, 
more than replaced this lack of experience. To many these wen* 
strange arguments to use against a well-tried-out and acccp)tecl 
system, and, while deeply sensible of a period both difficult and 
trying to the operators of the road, the burden of this deeiwSion 
had been made light by a willingness on the ])art of all to ttike 
a perspective rather than a foreshortened view of the situation as 
it has gradually worked its way out of its initiative troubles. 

A storm of criticism from all parts of the world assailed our 
.conclusion. As this, however, is ancient history, to say na.sre 
along these lines would be to say less. This paper, however, 
might lack a detail not to mention the real reason for whicli a 


paper, entitled The Log of the New Haven Electrification 
sented in 1908 before the American Institute of Electrical 
Engineers, was written. It seemed to the writer that the thic‘k 
layer of criticisms shortly after electrical operation was inaugti- 
rated, on top of the number that had been received l)efori.% 
required that the discussion be held down to the actual fatdiH 


in the case, and, knowing that the principles upon wdiicli the New' 
Haven electrification was based could not be assailed, and that 
the log sheet of operation, bad as it was, was merely a reflection ( d' 
the minor details common to initiative in all new undcrtakini^’S, 
it were best to write a paper of the faults that had appeared and 
the methods used for their correction. This had the desired 
effect, as the discussion since then has been held wdthin the facTs. 

It took not^a great while^ to determine upon and eliminate.^ 
the causes incident to the failures which reflected deletcriuusl y 
upon the service of the road, and, while the reliability of operation 
in the electrical zone rose to some three or four times tha,t of tdic* 
steam operation it replaced, it was not then or even now what it 
will ultimately be. At this point we touch upon one of the con¬ 
ditions to be satisfied in order that an electrification may l)e called 
a success, namely, reliability of service. 

The replacement of a steam service which had never l>een 
cnticised, by an electrical one of increased reliability, naturally 

of success by the public. Indeed, 

^ elimination of the troubles which 

thincr ixutiative Operation there has never been any- 

oubli "" favorable comment, both on the part of the 

public and the technical press. Naturally this was most en¬ 
couraging to the New Haven engineers. 


Trans. A. I. E. E., 1908, XXVII, Part II, p. 1613. 
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Fig. 3—View in Westchester Yard, Harlem River Branch 

Showing overhead construction used in electrifying large yards. The cross catenary 
span in the immediate foreground serves ten tracks. In the case of the Harlem_ River 
Yard there are single spans serving eighteen tracks. For equal dectrical energy delivered, 
the cost of this construction is one-third that of the third-rail. 
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Pig. 4—Standard Straight Alternating-Current Freight Loco¬ 
motive 

Capable of handling 1500 tons at 35 miles per hour continuously. Weighs 110 tons, 
80 per cent of which is on drivers; develops a maximum tractive effort of 40,000 lb., and will 
maintain a tractive effort of 12,000 lb. continuously. The rated continuous capacity of 
this electric engine is 1400 h.p. The overhea'd contact shoe receives a potential of 10,000 
volts, which is transformed to 600 volts and in turn is delivered^ to the terminals of four 
twin motor equipments in parallel, each motor on the twin combination receiving a maxi¬ 
mum normal potential of 300 volts. 
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Fig. 5—Multiple-Unit Train Operating on Six-Track Harlem 

River Branch Electrification 

This multiple-unit train is also designed for operation on the New York Central direct- 
current third-rail system. Each motor car has sufficient capacity to haul itself and two 
trailers. 



[MURRAY] 

Fig. 6 Electric Switcher No. 0213, doing Regular Switching 

Service in Oak Point Yard 

these engines are capable of doing the work of six steam switchers. Thev 
Y^igh SO tons, with_ 100_per cent weight on drivers. They will develop 40,000 ]b. tractive 
effort, and will maintain a tractive effort of 12,000 lb. continuously. Sixteen of these 
el^tnc engines have recorded over 1,200,000 miles in switching service, and one failure 
a bumed-out araature, due to a prolonged and excessive load from brakes sticking, is 
the record of their performance to date. . 
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About three years following the presentation of The Log of the 
New Haven Electrification, the writer ventured a second paper, 
entitled Electrification Analyzed, audits Practical Apphcatton to 
Trunk Line Roads, Inclusive of Freight and Passenger Operation,* 
this also being under the auspices of the American Institute of 
Electrical Engineers, the intention being to present such elec¬ 
trification construction and operating data as he had collecte 
to date, the object of the paper being to show the adaptability 
of electricity to extensive trunk line movement in all of^ its 
branches, covering passenger, freight, and switching on terminal 

and main line tracks. 

In presenting the paper the writer purposely avoided a refer¬ 
ence to comparative costs of operation between steam and elec¬ 
tricity for two reasons: The first, because of the fact that only a 
part of the whole division was electrified, and an extremely ex¬ 
pensive interchange of steam and electric operation had to be 
maintained, necessitating expensive duplications and special ar¬ 
rangements which would not have been common to either system 
had one or the other been used in its entirety upon the whole divi¬ 
sion. The second has reference to the matter of construction 
costs, which were exceedingly high in the case of the original 
electrification between Woodlawn and Stamford—the first undCT- 
taken. I am sure it will be of interest to state that in the 
original electrification the unit cost in 1907 for the fom-track 
overhead system was just. double the amount expended on e 
four tracks recently completed in the section between Stamford 


and New Haven. _ . . , r -dm 4 . • 

In the discussions before the American Institute of Electric 

Engineers and the American Society of Civil Engineers repeated 
requests were made for a presentation of the construction and 
operating costs in connection with the New Haven electrification. 
For the reasons above cited, and because of the fact that the. 
New Haven electrification was decidedly handicapped in being 
required to build, its motive power equipment to^ operate with 
either alternating current or direct current, the writer concluded 
that the time had not arrived where a presentation of these 
details would serve a useful purpose. Especially was this true 
in the bitter war that was being waged by parties who were 
prone to look upon the single-phase system of traction as e- 
terrent to the application of the ‘ ‘ more reliable direct-current 
third-rail system "—then in the flower of its youth, but since 
gone to seed! (I, of co urse, have reference to trunk lines.) 

♦Trans. A. I. E. B., 1911, XXX, Part 11, p. 1391. 
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Here was the problem the engineers of the New Haven Road 
had placed before them: the consideration of an electrification, 
the demands upon which would be far beyond any other hitherto 
constructed or contemplated. The conditions and principles 
applying to the past and smaller electrifications did not apply to 
it. Which were to control—the correct principles with the fail¬ 
ures always common to initiative, or the wrong principles with a 
sureness that the service for possibly a number of years would 
be of a more reliable character? Some of our friends in the 
technical press have been good enough to say some kind things 
with regard to the courage of our convictions. It did not take 
a very great deal of courage to do the right thing, and it cannot 
be denied that right principles should always govern. 

Naturally, ten years of almost undivided attention to electri¬ 
fication work has brought a better knowledge as to how power¬ 
houses, lines, locomotives, and shops should be constructed, and 
I do not believe I overstate when I say that the electrical plant 
the New Haven now possesses could be reproduced, and with far 
better operating results, at certainly not more than 60 per cent 
of its original cost, but, notwithstanding this, when the electric 
division is on a 100 per cent electrical basis the economic return 
will be sufficient to justify the electrical expenditure to date. 

The recent decision as to choice of system on the part of the 
Pennsylvania Railroad in favor of single phase for the proposed 
electrification on the main line betw’-een Philadelphia and Paoli, 
this action being a forecast of the system to be employed in the 
event of the future financial situation permitting electrification 
betw^een New York and Washington, was one of no small conse¬ 
quence and pleasure to those who had been toiling to establish 
a correct application of electrification to trunk line territory. 

To those who every day had been in close association with the 
practical w^orkings of this system initially installed on the New 
Haven, failures were too closely associated wdth cause and effect 
to suggest even disappointment, to say nothing of discourage¬ 
ment, but let me refer to an admirable and fine distinction as 
evidenced in the decision of Gibbs and Hill, which discounted 
apparent for real results, and settled that the body of their elec¬ 
trification should be upon a single-phase basis, notwithstanding 
that the largest terminal upon the same railroad was operated 
upon a direct-current basis. 

I envy, indeed, the result that they should be able to produce 
for the Pennsylvania Company in the use of straight alternating 
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current upon their lines. Even the record of the New York, 
Westchester and Boston with its straight alternating equipment 
whose log sheet reports will show 125,000 miles per car failure, 
may be surpassed on the Paoli division by this coming Pennsyl¬ 
vania electrification. As I forecast this record that should be 
made, I review in retrospect some of the experiences that have 
caused it to be possible. Among the number are generator wind¬ 
ings that have torn themselves loose from their housings by action 
of 11,000-volt short circuits upon their grounded phases; sec- 
tionalizing oil switches on the line hurling their cover plates 100 
feet in the air, due to these same short circuits; the overhead 
contact line parting company with itself, due to high-speed pan¬ 
tograph shoes impinging themselves against the hard spots at 
hanger points; locomotives nosing their way along the tracks 
with broken quill springs and grounded motors; and so we might 
go on drawing the picture of our difficulties based upon lack 
of experience, but the future is the brighter picture. None of 
the railroads, not one, will have to go through this. It is all 
behind us, and present operating statistics are now the proof that 
the high-voltage alternating-current electrification, with its 
attendant higher efficiency, will be as reliable as the direct-cur- 
rent, if not more so, on account of the simplicity of its control. 

Governed by the right principles, we have passed from the 
days in which we desire to make it work into those in which 
we must make it pay. Accurate distributions of the costs in all 
departments of construction in their application to power-house, 
lines, locomotives, and shops, together with expenses incident to 
the maintenance and operation of these salient features since the 
work was first undertaken, have shown a declining curve of unit 
costs throughout these various details as against the progress of 
time. Some road had to make the first break into the dark. No. 
one had any advice to give, as no on^ had any experience upon 
which to base it. Some of our critics have been inclined to view 
the New Haven electrification as a great experiment. They are 
right—it was; but as an experiment it has given a cleaner and 
more reliable ride for the public, and in the end will not cost 
the New Haven road a (economic) penny; but its greatest value 
in my estimation has not been so much this as the more stable 
position in which it has placed the other roads to this country to 
consider electrification, a subject to which they will have to 
address themselves in the near future. 

The larger part of the experimentation is over, and, from the 
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data assembled, future results, in the application of electricity 
in heavy trunk line territory, can be predicated on assembled 
facts, and not predicted from hypothetical analysis. Critics have 
had it that the so-called '' battle of systems ’’ has delayed the 
electrification of railroads. As an electrical engineer keenly 
alive to the desirability of interesting railroads in moving their 
trains by electricity, I am glad if any insistence on my part 
upon the matter of system first ” has delayed electrification 
in this country, and argue that every minute of the delay will 
be a future asset to the railroads. 

When we talk about railroads we generally mean trunk lines, 
and all trunk lines have essentially common and determining 
characteristics that make the best system of power distribution 
for one the best for all. Therefore I count it most fortunate that 
electrification has been delayed. Over the same standard gage, 
cars of every description can be hauled. Therefore, why not a 
standard overhead conductor, under which every form of electric 
motive power can operate? 

I recall with interest one of the New York Railroad Club 
meetings, of which many have been held, typified as their Elec¬ 
trical Night,’’ at which a committee, previously appointed, re¬ 
ported its recommendations with regard to the application of 
alternating or direct current to specific situations. Particular 
stress in this report was laid on the advocacy of direct current for 
large terminals. This appeared to me as a fallacious conclusion, 
as the record of my remarks for that evening will doubtless dis¬ 
close. It was clockwork typified in the movements made in 
these great New York Central and Pennsylvania direct-current 
terminal electrifications. A credit indeed was due the splendid 
corps of engineers who in those early days were responsible for 
the decision and execution of these works; yet conspicuous for 
their absence on this committee was that same corps of engineers, 
for to have subscribed to such an electrification policy would 
have included their concession that the tail of the dog was to 
wag his bodyl The committee made it clear that if the elec¬ 
trification was to be confined to terminal limits, then without 
question that electrification should be undertaken upon a direct- 
current basis. Immediately following this recommendation,' 
alternating current was prescribed as best befitting trunk lines. 
I well recall the hiatus from which my brain reeled as I listened 
to the speaker divorce the trunk line from its terminal and 
draw in perpetuity the picture of the one great electrical evil 
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from which it was desirable to escape; namely, the uncongenial 
marriage of alternating current to direct current. Fortunately 
we have learned enough about this matter by experience not 
to fear the execution of such a policy. As evidence of this fact, 
one of the simplest proofs is a reference to the wonderful re¬ 
liability and economy of service to which we are treated in 
serving the great terminal yards at Oak Point and Harlem 
River with the straight alternating-current switching locomotive. 
During the past two years, in which 16 engines of this type have 
been in operation and in which over 1,000,000 locomotive-miles 
in commercial switching service have been recorded, there has 
been, as previously said, just one main motor failure. This 
however, is touching upon details of which we will speak later, 
and I have only mentioned it here in support of the argument 
that all motive power equipment should, if possible, be designed 
for operation upon one form of current, this being one of the 
essential conditions precedent to successful electrification. 

At this juncture it is of interest to point to the fact that under 
the single-phase, high-potential contact wire, three types of 
electric motive power—the single-phase, the three-phase, and 
the direct-current (through the medium of a rectifier)—can 
operate; thus each class of equipment is permitted a supply of 
power unchanging in form. 

The principle of cardinal importance to the writer’s mind, 
and one of the conditions affecting the success of main line 
electrification, may, therefore, be said to be the establishment of 
a standard system of power distribution, from the contact wires 
of which shall be delivered power in standard and unchanging 
form, and, while all electric locomotives or multiple-unit equip¬ 
ment will primarily receive this power in identical form,it may 
thereafter be modified or transformed to conform to any type 
of alternating-current or direct-current equipment, which is in 
turn prescribed by the local conditions. Such a standardization 
would provide a single high-voltage ' contact wire running 
throughout an entire electrification zone upon which are im¬ 
pressed 11,000 volts of 25-cycle, single-phase electricity. 

Such a line could have operating beneath it single-phase equip¬ 
ment of the New York, New Haven and Hartford design, three- 
phase equipment of the Norfolk and Western design, and, finally 
(through the medium of the rectifier), direct-current equipment 
of the New York Central design, all of these equipments having 
entirely dissimilar torque-speed characteristics prescibed as local 
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conditions demand. I believe that we will all admit that such a 
standardization offers a wonderful flexibilityj but, after all this, 
flexibility is not the real reason for its acceptance, although we 
cannot fail to class it as one of the facts that form a part of a 
correct conclusion. The real reasons are rooted in the field of 
economy, where the railroad dollar must justify its investment. 
There is no other distribution and contact system that can touch 
it in efficiency. Its principles have intertwined themselves with 
every application of electricity in the variegated field of its use¬ 
fulness, and in no place is its application more apt than in supply¬ 
ing power for train movement. 

Up to this point the writer has possibly levied upon your 
indulgence in treating his subject upon very general lines, but in 
so doing there has not been a moment when the specific subject 
of the paper has not been in mind. The subject itself is such a 
broad one that in truth it must be said that it has been more 
difficult to know what not rather than what so say, and what has 
been said has only been in an effort to show that during his pause 
we have been schooling ourselves by the analysis of the data 
secured; sorting it into cost versus return; studying comparative 
results arising under varying conditions; crystallizing out the 
mistakes that have been made in the past by lack of sufficient 
experience and information; drawing conclusions that are not 
guesses on what shall be the future methods to be followed in 
electrification, and assembling our facts for ready reference and 
application. 

Now, coming to the specific subject of the paper, let me point 
first to the great underlying condition, apart from the engineer¬ 
ing, construction, and operating side, upon which the success of 
main line electrification, from a combined public and railroad 
standpoint, is founded: success is entirely dependent upon the 
density of traffic. 

A commercially successful electrification may be described as 
one which, through its agency, cuts the operating expenses of 
steam-operated territory it has replaced to a flgure whereby the 
savings effected are of an amount sufficient to justify the invest¬ 
ment made. 

Our experience to date has taught us that electrification points 
to three principal places where economy of operation can be 
secured, and in the order of their importance they may be men¬ 
tioned as follows: 

1. Saving in fuel. 
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2, Saving in motive-power maintenance and repairs. 

3. Saving in train-miles. 

Assets created by electrification, which may at times be con¬ 
trolling factors, as, for example, the reclamation of city terminal 
property, after the removal of gas and smoke by the elimination 
of steam locomotives, are of most important consideration. In 
cases, however, that do not involve large city terminal electrifi¬ 
cation, the general credits and debits resulting from electrification 
work may be said to about offset each other, and thus the value 
of the returns can be based upon the three items first mentioned. 
If we know the number of freight and passenger train-miles in a 
division proposed for electrification, and the cost of each one of 
the train-miles, today we can say with very little chance of error 
what the cost of each one of those train-miles in freight and pas¬ 
senger service will be when that division is operated by elec¬ 
tricity. If we were to duplicate the steam train movement by 
an electric train movement a certain economy would be shown, 
but by reason of the ability to concentrate in single train move¬ 
ments greater tractive efforts and higher speeds, greater indi¬ 
vidual tonnages can be translated, and thus the third item of 
economy appears in the reduction of train-miles. 

As bearing on the matter of a reduction in train-miles through 
means of electrification, the three charts (Figs. 7, 8 and 9) 
applying to studies recently made on the Salt Lake Division 
of the Denver and Rio Grande Railroad are interesting. In 
these charts it is of importance to note the great reduction in 
train movement secured by electrical operation, in combination 
with the reduction of a section of high grade from 4 per cent to 
2 per cent for increases of 20 per cent and 100 per cent in excess 
of the former tonnage. The example offered is merely illus¬ 
trative of this application of economy under conditions of elec¬ 
trification. 

Experience with the movement of billions of ton-miles in 
freight, passenger, and switching service by electricity has justi¬ 
fied the early predictions that were made in connection with the 
study of the New Haven electrification; namely, that one pound 
of coal burned under the boilers of a central electric power sta¬ 
tion and converted into electrical energy and transmitted to an 
electric engine will develop twice the drawbar pull at the same 
speed as a similar pound of coal burned in the firebox of a steam 
locomotive; and, second, that the maintenance and repairs on 
electric locomotives of the straight alternating-current type are 
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on the order of one-half of those required for steam locomotives 
of equal weight on drivers. It is thus seen that the problem 
of electrification merely revolves around the question of the 
destiny of traffic in which the economies aforesaid can be prac¬ 
tised, and, therefore, the denser the traffic the greater the req¬ 
uisite motive power for its movement, and hence the greater 
the saving to be effected. If the schedule of train movement 
for all roads were the same, then, based upon the number of 
tons translated, it would be a simple matter to plot a chart 
which would show two intersecting curves, one of which rep¬ 
resented the savings per annum to be effected by the substitu¬ 
tion of electricity for steam, the other the summated cost per 
annum of interest, depreciation, maintenance, insurance and 
taxes on the electrical plant, inclusive of power-house, lines, 
locomotives, and shops, necessary to effect these savings, these 
curves having as common abscissa tons under translation and 
as ordinates the annual costs respectively represented in the 
foregoing classes of annual expenditures. The point of inter¬ 
section of these curves would indicate the density of traffic at 
which the economic yield of electrification would cover the 
fixed charges incident to its installation. The curves would 
also indicate the yield to the railroad that electrification would 
bring above that of steam operation for traffic densities of greater 
amount. The analysis, however, is not as simple as this, for, 
while a number of roads might translate equal tonnages over 
equal distances, the local conditions might require a wide varia¬ 
tion as to schedule; also such physical adjuncts as grade and cost 
of electric power supply, labor and material clearly make it neces¬ 
sary to give careful consideration to each individual case. The 
point which I wish to make, however, is that, with knowledge 
based on experience, operating officials of railroad companies can 
have an intelligent presentation made to them of the comparative 
cost relation between steam and electric operation for these sev¬ 
eral roads. An intimate acquaintance with the ways and meth¬ 
ods of the steam railroads of today has taught us how the 
president, the vice-president, the general manager, the general 
superintendent, the mechanical superintendent, the division 
superintendent, the master mechanics, the road foremen of 
engines, the shop superintendent, and so on down the line to the 
engineers whose hands are on the levers of either the steam or 
electric engines, look at operation. Seven years of parallel 
steam and electric operation on the same division have opened 
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up a world of perspective to the writer, as he has studied the 
controlling forces which whirl through the beginnings of this 
conversion from steam to electricity in the trunk line territory 
of our American railways. 

I would count it a serious omission indeed did I not mention 
the great and able assistance the present general manager of the 
New Haven Road, Mr. C. L. Bar do, has given in his study of the 
operating side of this great electrical problem. It is of him that 
I think when I touch upon one of the essentially real conditions 
affecting the success of main line electrification, and that is in the 
matter of administration. Electricity as an agent of power de¬ 
velopment is as essentially different from steam as the effects 
which are produced in the application of heat or cold. The steam 
locomotive has lived a useful life of eighty years. This is not a 
prediction that it will not live many more! Even in the clothes 
of its mechanical ruggedness it is not difficult to conceive of its 
having once been a pretty delicate machine, deserving of a very 
great deal of care and attention. The electric locomotive was 
born of even a more delicate nature, and, while its ruggedness 
is increasing, it can never possibly be the great mechanical brute 
that our high-powered steam locomotives may be typified as 
being today. In the same breath, however, it may be said 
that the steam locomotive can never reach into the zones of 
usefulness to which the electric engine can at the present day 
enter. 

It is perfectly possible to keep the maintenance and repairs 
of the electric locomotive down to one-half of those of steam 
under the most favorable conditions of steam maintenance, and 
in many cases below this figure. On the other hand, due to the 
peculiar nature of the electric engine, which has not as yet been 
enough appreciated, it will be only by the most rigorous and 
careful inspection and conformity to rules of operation that this 
relation can be maintained. Indeed, if electric engines be 
treated as has been the custom of treating steam locomotives, 
then their repairs, instead of costing far less, will cost far more 
than those of the steam engine. The essential difference be¬ 
tween the steam and the electric engine is that the former, after 
it has done all the work it is capable of doing, will lie do-wn, 
simply stop going, and do this at no cost to its mechanical parts, 
while an electric engine, like an overwilling horse, if permitted, 
will work itself to destruction. The commercial life and effi¬ 
ciency of a steam engine may be said to depend on keeping the 
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heat within its cylinder walls, while the commercial life and 
efficiency of the electric locomotive are based on how cool you 
can keep its conductors. In the vernacular of the American 
youth, some difference! Yet, if you should ask the old steam 
superintendent operating the new electric division if he agreed 
to that distinction, the chances are he would say: Sure, the 
conductors should never get hot, especially with a passenger.’^ 
Mr. Bardo has recognized this great difference between steam 
and electric operation, and in handling the schedule of electric 
trains he has emphasized the importance of keeping the train 
loads down to a point within the safe temperatures of the elec¬ 
tric motors performing the schedule. The days are passing 
when with pride the steam operating man points to the electric 
locomotive as having been able to perform twice the duty for 
which it was designed, and the next day wonders why the 
darned old electric ” blew up on half the load. The point to be 
established, therefore, is that successful electrification requires 
that there be in the administrative forces minds trained to the 
necessity of a different viewpoint from that which has come down 
through these eighty years of steam service. The magnificent 
organization that has shaped itself throughout these many years 
and has standardized itself, one might say, in its application to 
all roads, need not in any way have its fabric torn or changed 
by the introduction of electricity as a motive power, but there 
must be established in the administrative forces different minds 
from those in the past to handle these different things of the 
future. The future must see well-developed electrical cells in 
minds of the vice-presidents, general managers, general superin¬ 
tendents, etc., down the line. 

An inheritance by the New Haven of the old steam locomotive 
engineers for the operation of the electric engines is another 
case where the tail of the dog wags the body. While it is a good 
that these men understand the roadbed and signals 
better than any one else, this argument fails when engineers with¬ 
out electrical experience or training can bid in the electric runs, 
depending upon their seniority and record of service. The con¬ 
dition might be alleviated by one set of men, once in remaining 
in, but there is a constant change, and it is a long time before 
the steam locomotive engineer divorces himself from the fact 
that he is not operating a steam locomotive. During his period 
of learning how to operate the electric engine he does not suffer 
the people do not suffer, but the road suffers, and the locomotive 
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suffers most. Here, therefore, we see the necessity of electrically 
trained men. The very logic of this stand will ultimately re¬ 
quire that these things be so, and one of the successes of which 
we write in this paper is based upon it being made so. 

While all of the main line tracks of the New York division 
are electrified, there still remains in passenger and freight service, 
as previously shown, a considerable amount of steam operation, 
made necessary because the New Haven Road had to avoid 
capital expenditure for power house and motive power equip¬ 
ment. It can be readily understood that a large reduction in 
operating expense can be effected when the division is placed 
upon a 100 per cent electrical basis. On previous occasions when 
the writer has been dealing with statistics and information made 
available by his engineering and operating association with the 
work, he was conscious then, and is now, of the danger, in present¬ 
ing construction and operating costs, of their possible misinter¬ 
pretation. 

Essentially necessary is a wholesome confidence on the part 
of railroads undertaking electrification that the result predicted 
will be attained, and what we are doing on the New Haven 
today electrically from an operating standpoint could not be 
better epitomized than by the presentation of one of the last 
monthly operating reports. The tables that follow comprise 
the statistics of electrical operation, and give operating informa¬ 
tion with reference to; 

1. The amount, distribution and cost of electric power gener¬ 
ated at Cos Cob Station. 

2. Statistics and operating costs of electric passenger service. 

3. Statistics and operating costs of electric freight service. 

4. Statistics covering line and equipment failures. 

These records are included in this paper not as an exhibit of 
something remarkable, but simply to convey to those interested 
in the electrification of railways the fact that there is daily coming 
to us a mass of data having reference to the practise of heavy 
electric transportation, through the agency of which very ac¬ 
curate conclusions may be drawn. 

I would ask those who review these statistics with an analyti¬ 
cal eye to bear in mind that they are taken from an electrical plant 
which, from its inception, has been handicapped both from a 
construction and operating point of view. As before explained, 
the underlying principle applying to the New Haven electrifica¬ 
tion required that its motive power equipment be designed to 
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Operate on both alternating-and direct-current power, and that, 
further, on account of inadequate shop facilities in the past it 
has been necessary, since securing new shop facilities, to make 
very heavy repairs throughout the entire electric motive power 
of the road. I have, therefore, to offer this word of caution in 
analyzing the statistics that are presented, for it is to be noted 
that the cost of locomotive repairs is high. For example, I'cfer¬ 
ring specifically to the table of operating costs of electric pas¬ 
senger engines, (Table XVIII), it is to be noted that in the month 
of October the repairs are recorded as 8.56 cents per locomotive- 
mile, while for November these repairs have increased to 10.61 
cents per locomotive-mile. At the first blush this would indicate 
that the new shop facilities were increasing rather than diminish¬ 
ing maintenance costs. This, however, may be explained b}^ 
the fact that all of the passenger engines have been undergoing 
general repairs, and invoices for material were passed in greater 
amounts for November than for October. Many of the electric 
locomotives have not received a general overhauling since 1907, 
and during this time their log sheets of operation sliow some of 
the locomotives have made over 350,000 miles. 

Shovdng conclusively, however, what can be done with elec¬ 
trical equipment under the care of a better maintena,nce, I have 
taken the first ten engines that have received general repairs and 
present herewith in Tables I to X, inclusive, segregated monthly 
costs and mileages made since these engines have passed through 
the shops. ' ■ 

Notwithstanding these engines are of the alternating-current- 
direct-current type, it is of interest to note that their records so 
far show an average cost under five cents per locomotive-mile. 
It is of particular interest to note that locomotive No. 032, which 
received its overhaul first, has now operated 93,140 miles at an 
average cost of 3.6 cents per locomotive-mile. 

These maintenance figures for the ten engines give a sharf) 
contrast to those in the general table of passenger engine operating 
costs (Table XVIII) and emphasize the lack of maintenance to 
which the electric locomotives were subjected in the early days 
of their operation. Had conditions permitted our electric pas- 
senger engines to be of the straight-alternating-current design, 
in my opinion their average maintenance would not have ex¬ 
ceeded 4 cents per locomotive-mile. 

During the past six years of electric operation there have 
been collected some very valuable^data with regard to the amount 



1915] 


MURRAY: MAIN LINE ELECTRIFICATION 


105 


of power required to operate trains of variable tonnage in pas¬ 
senger, freight, and switching service. Based upon these data, 
the power required to operate trains under normal or peak con¬ 
ditions of schedule can be calculated with results practically- 
coinciding with the estimates. 

By means of wattmeters installed on all locomotives and 
motor cars it has been possible to record the differences of power 
required by trains operating-under local and express conditions. 
The long period over which these statistics were kept and power 
rate constants thus developed has permitted us to abandon an 
elaborate tabulation and conslidate the information in the more 
general statement (Tables XVIII and XIX). Of value to those 
who are interested to follow more closely these results, Tables 
XI, XII, and XIII will be of assistance. These tables are 
compiled from the June, 1914, statistics of electric passenger 
and freight train operation between Woodlawn and points east 
to New Haven. iVt that time the overhead system had only 
recently been completed to New Haven, and there was but a 
a small percentage of electric service, both as regards passenger 
and freight, between Woodlawn and New Haven, and, while the 
tonnage in both passenger and freight service has been greatly 
increased since that time, these tables, however, may be taken 
as giving reliable data in connection with the electric train move¬ 
ments recorded. The watt-hours per ton-mile are secured 
through meters recording input power to the electric motors. 
To determine the actual amount of power taken from the 
contact wire, these figures should be divided by 97 per cent, 
thus allowing an average loss of 3 per cent for the step-down 
transformers installed on the electric engines and motive power. 
As examples of the increments of electric service, since the exten¬ 
sion of the electrification to New Haven, while it is to be noted 
that the total electric passenger ton-miles for June, .1914, were 
approximately 41,000,000 and that of the freight 9,400,000, the 
former has now increased to 62,000,000 and the latter to 
44,000,000. 

Of especial interest to the Avriter with regard to the tables 
covering electric passenger operation is the variation in watt- 
hours per ton-mile for the various express and local services. 
For example, it is to be noted that the power rate for New Haven 
express trains eastbound is 31.4 watt-hours per ton-mile, this 
rate being increased slightly for trains operating to Stamford; 
the rate rises quite rapidly for trains operating in local service to 
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Stamford, and continues to rise for local trains operating to Port 
Chester and New Rochelle respectively. It is, of course, well 
known that the rate of power supply per ton for express operation 
is very much lower than that required for local operation, as in the 
case of the latter the train suffers, under the conditions of brak¬ 
ing, the loss of the kinetic energy stored in it under the conditions 
of acceleration. The increasing watt-hours per ton-mile as shown 
in the tables are practically proportional to the diminishing dis¬ 
tance between train stops. It may also be said that the distance 
between stops increases progressively east of New York City, and 
if, for example, suburban territory under consideration for elec¬ 
trification has to be served by train schedule with distances be¬ 
tween stations approximately the same as those obtaining on the 
New Haven Road, the “ power rate ” constants as shown in these 
tables will be found to be sufficiently accurate in the study of 
power necessary to train movement. 

In the tabulated statistics covering electric freight operation 
the point of principal interest is the difference between the rate 
per ton-mile as indicated in the June tabulation (Table XIII) 
as against those shown under the general tabulation of freight 
service (Table XIX), where it is to be noted that the kilowatt- 
hours for fast and slow freight are, on the average, considerably 
below 30 watt-hours per ton-mile, this rate being based upon the 
tonnage of the trailing load. Allowing for the weight of the 
electric engine, the watt-hours per ton-mile will be reduced to 
26, and, as some 200,000,000 ton-miles have been actually re¬ 
corded by meter registration in freight service, it may be said 
that 30 watt-hours per ton-mile on level track is a reliable figure, 
with slight margin to cover electric freight operation in a com¬ 
bination of fast and slow service, i.e., without stops for trains 
averaging between 1500 and 3000 tons trailing load. 

It is of interest at this juncture to point to an interesting 
experience we have had in connection with the electrical opera¬ 
tion of heavy freight trains. It was first thought that when 
these large train units were placed on the line the power-house 
would be subjected to very heavy drafts of power under condi¬ 
tions of accelerating them. The reverse, however, was found to 
be the case, and where, previous to the operation of these trains, 
the power station output curve showed peaks of a fluctuating 
character, these heavy trains have served to smooth out the curve 
of power station output. A reasonable explanation of this would 
seem to rest in the fact that when a number of the heavy trains 
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are under translation, and it becomes necessary to accelerate one 
from rest, the supply of current necessary to this acceleration, 
while not reducing the line voltage materially, does so, however, to 
a point which corresponds to a speed of the trains in translation 
lower than the speed at which they are actually operating, and 
thus these heavy trains, by their own mass energy, as in the case 
of a flywheel, automatically release a large amount of power, 
which becomes available for the accelerating train. 

In the foregoing pages I have confined myself to the presen¬ 
tation of operating data, from which I believe very accurate con¬ 
clusions can be drawn, having regard to the costs incident to 
electric operation, the only expenses that are materially changed 
in the conduct of railway transportation being, as previously 
stated, in the matter of fuel, engine repairs, and train-miles. 
With definite information developed as to these items, it is not 
a difficult matter for those experienced in their application to 
interpolate them into the steam operating accounts in the study 
of railroads considering electrification. I have thought, there¬ 
fore, that the broader manner of handling this subject would be 
not to show concrete cases where the conditions were such as to 
insure the success of electrification, but rather present the con¬ 
stants of economy that were generally applicable, at least very 
approximately so, to all railway situations, granting of course, 
that each individual study would have its qualifying factors which 
local conditions would control; as, for example, it is quite pos¬ 
sible for a complete electrification to turn upon the cost of coal. 
The greater the cost of coal the stronger is the argument for elec¬ 
trification, from the fuel aspect. For example, if two railroads, 
one burning $2.50 coal and the other burning $5 coal, should 
electrify, and in each case reduce their coal consumption by 
100,000 tons per year, they would respectively save $250,000 
and $500,000 per annum. In the case of the railroad burning 
the $2.50 coal this saving would, at 5 per cent, represent capi¬ 
talized values amounting to $5,000,000, while in the case of the 
railroad burning the $5 coal the capitalized values would be 
$10,000,000. In both cases the capitalized values should be cred¬ 
ited against the construction account for electrification. 

Savings to be effected in engine repairs are likewise subject to 
local conditions, for, while it may be said that steam locomotives 
repairs, upon an average, may be placed at 10 cents per loco¬ 
motive-mile, on the other hand there may be situations where the 
railroad has, for example, to use water of severe scaling charac¬ 
teristics and thus run up the cost of repairs excessively. 
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In the matter of train-miles the savings to be effected are 
dependent upon local conditions, but it can be stated as a genei al 
conclusion, based on a very considerable experience, that: 

1. Electric engines on the order of 100 tons on drivers should 
be maintained at a rate not exceeding 5 cents per locomotive- 
mile. 

2. The coal bill for transportation is cut to at least one-half. 

Having determined for any situation what savings can be 

effected by the substitution of electricity for steam, then, as pre¬ 
viously stated, the commercial justification of a change to the 
new motive power is entirely based upon whether these savings 
will cover the interest, insurance, depreciation, and taxes on the 
electrical investment necessary. 

In past papers I have refrained from presenting construction 
costs to show what investment is necessary to operate trunk line 
territory by electricity, and I believe that this policy will be 
accepted as having been justified when I state that an analysis of 
the distribution account of our latest line construction (between 
Stamford and New Haven) shows its unit costs (four-track) to 
have been one-half those incurred in the original work, and, 
while further economies will, of course, follow, I feel that the 
curve of decreasing electrical investment for electrification has 
flattened at least enough to present Tables XIV, XV and XVI, 
indicating the costs incident to six-track, four-track, two- 
tarack, compound and single catenary, for curves and tangent con¬ 
struction, as a guide to what can be done. To those considering 
these figures I would offer a word of suggestion that the overhead 
system of the New Haven Road was designed to coordinate with 
a road bed which is the throat of the entire eastern New England 
traffic. Very high safety factors have been included in it, both 
as regards wire and steel, and it has been many times, particularly 
during the last season, subjected to high wind velocities, the 
effects of which have been augmented to ice formation, increasing 
its projected area. 

A general factor of safety of three is prevalent throughout 
the whole construction, whether on the 200-ft. river transmission 
towers with 800-ft. spans or on the regular catenary construc¬ 
tion, in each instance based on ice coatings of | inch all around 
with wind velocity of 60 miles an hour. I might add, also, that 
we have been fortunate enough not to have lost a wire due to the 
above causes throughout the history of the electrification. 

Briefly referring to the tables of construction costs, it is to be 
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noted that the supporting steel bridges have a normal spacing 
of 300-ft., the trusses of which are designed to withstand the 
breakage of any of the main supporting messenger wires, and 
permit also the support at any point of four signals of 2000 lb. 
in weight each. 

As local conditions make different requirements for sectional- 
ization, construction costs are given for continuous catenary con¬ 
struction for tangent and curved track, and, to facilitate the 
introduction of sectionalizing costs, individual figures for anchor 
bridge and control sectionalization are given under tables show¬ 
ing costs varying for the different number of tracks under consid¬ 
eration. 

Electrification, like everything else, under effects of standard¬ 
ization gets down to a pound or foot basis; the costs tabulated for 
the different types of construction sectionalization and control 
may be combined to determine total estimates on work conform¬ 
ing to the requirements of the local conditions. 

With regard to electric motive power equipment, papers that 
have preceded this one have discussed in detail physical dimension, 
weight, and operating characteristics of electric passenger, freight 
and switching engines and multiple-unit motor cars. The motive 
power feature of electrification, like its other parts, has virtually 
reached the pound stage. Electric locomotives of approximately 
100 tons will under present conditions of cost of labor and 
material, vary between 18 cents and 20 cents per pound. This 
figure is practically irrespective of speed-torque characteristics, a 
high-speed passenger locomotive and a low-speed switcher not 
varying greatly in cost upon a pound basis. Multiple-unit cars, 
now usually built of steel, do not vary greatly from the above 
figures, but, if anything, may be quoted as being slightly higher 
in cost per pound. 

The determining characteristics of the locomotives to be 
purchased in an electrification will, of course, entirely depend 
upon the local conditions which control the maximum and con¬ 
tinuous tractive efforts in passenger and freight service, they 
in turn depending upon the weight of trains and length of grades, 
capacity of equipment depending likewise on the two foregoing 
factors and schedule requirements. 

The above approximate quotations on engine costs are pre¬ 
sented merely to give a general idea of this department of expense 
in connection with electrification. As a concrete example in 
application of the above general statements, I would say that a 
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first-class, high speed, 100-ton, straight alternating-cuiTent elec¬ 
tric passenger locomotive, capable of handling a 250-ton trailing 
load in normal large city suburban service, should cost $40,000. 
A steam locomotive which would do the same work would prob¬ 
ably not cost more than $15,000, but the savings effected, due to 
the greater operating economy of the electric engine, would repre¬ 
sent a figure of twice or three times the amount invested in the 
electric engine. Thus we might say that for every electric engine 
we purchase we would be justified at least in making a capital 
investment of $40,000 to cover the cost of electric power-houses 
and transmission equipment necessary to supply that electric 
engine with current. By this reasoning we again approach the 
answer as to the conditions affecting the success of main line 
electrification in the fact that it is the density of traffic and in the 
use of a large number of electric engines by which we can save 
enough money to pay for the capital expenditure necessary to the 
supply of power to them for the operation of many trains. 

Of late many interesting and valuable papers on electrifica¬ 
tion have been written, wherein the authors have presented 
comparable data as between steam and electric operation on 
specific territory under contemplation. 

As mentioned in the earlier pages of the paper, there are many 
places where electrification would bring a betterment both to the 
public and to the railroad, but the writer has thought the subject 
would be better served by a general exposition of his operating 
and construction experience in connection with a heavy trunk line 
electrification that has been serving the public for the past eight 
years, and to draw from it the significant facts and factors from 
which basic conclusions can be drawn to apply elsewhere. 

In concluding the paper I would plead for an especially con¬ 
servative point of view on the part of the public with regard to 
electrification. While the savings to be effected under certain 
conditions of electrification may be considerable, on the other 
hand the construction investment necessary to these savings may 
be very great. So many roads in this country have either passed 
or lowered their dividends, the chief example being a part of 
the great Pennsylvania system, that it is hardly necessary to 
emphasize the fact that only a healthy condition of finance 
throughout the country will warrant the consideration of elec¬ 
trification, and again I would say that partial electrification, such 
as that applying to yards only and not main line, while it might 
prove of advantage to a public, might at the same time prove to be 
a serious and unfair burden for the railroad to carry. 



1915 ] 


MURRAY: MAIN LINE ELECTRIFICATION 


111 


The Public Service Commissions are as much the guardians 
of the railroads as the people they serve, and the many billions in 
dollars representing the shrinkage in value of railroad securities 
in the last few years have awakened in the hearts and minds of 
the public and the commissioners the fact that no further obli¬ 
gations can be imposed upon the railroads, except they be 
justified from a fair railroad business standpoint, such equity of 
treatment describing the duty of the commissioners in whose 
hands rests the justice of any demand. The electrification of 
great railroad terminals in particular presents conditions in which 
the maximum cost is combined with the minimum direct return 
upon the invested capital, and without some reasonable assur¬ 
ance of adequate return it will be more difficult to secure the 
necessary capital for such improvements. 
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TABLE I 

PERFORMANCE OF N. Y., N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 032. 



July Aug. 


Labor. 32.90 

Material. 20.68 

Total labor and material. 53.58 

Mileage. 4,802 

Cost per mile. 0.011 

Averagfe cost per mile. 0.011 

Total miles to date. 4,802 



83.01 

38.61 

121.62 

5,517 

0.022 



Sept. 

Oct. 

Nov. 

Dec. 

61.59 

23.67 

20.18 

89.17 

67.96 

21.64 

34.56 

104.86 

129.55 

‘ 45.31 

54.74 

194.03 

4,695 

4,716 

4,687 

4,592 

0.028 

0.010 

0.012 

0.042 

0.020 

0.018 

0.017 

0.021 

15,014 

19,730 

24,418 

29,005 



Jan. Feb. Mar. April May 


June 


Labor. 200.97 85.94 

Material. 95.79 27.12 

Total labor and material. 296.76 113.06 

Mileage. 4,392 6,017 

Cost per mile. 0.068 0.019 

Average cost per mile. 0.027 0.026 

Total miles to date. 33,397 39,414 


36.52 

29.15 

65.67 

5,310 

0.012 

0.024 

44,724 


65.42 

32.57 

97.99 

5,270 

0.019 

0.024 

49,995 


91.01 

70.01 

161.02 

5,889 

0.027 

0.024 

55,884 


70.70 

90.28 

160.98 

5,839 

0.028 

0.024 

61,723 




July 


Labor. 212.36 

Material. 131.49 

Total labor and material. 343.85 

Mileage. 6,165 

Cost per mile. 0.056 

Average cost per mile. 0.027 

Total miles to date. 67,888 


Aug. 


74.45 

156.72 

231.17 

7,401 

0.031 

0.027 

75,289 


Sept. Oct. 


147.53 

173.96 

321.49 

5,459 

0.058 

0.030 

80,748 


219.47 

780.92 

1000.39 

5,678 

0.176 

0.039 

86,426 


Nov. 


55.25 

146.09* 

90.84* 

6,714 

0 

0.036 

93,140 



Note.—C ost in dollars. 


* Cr. 
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TABLE II 

PERFORMANCE OF N. Y., N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 041. 



1914 

June 

July* 

Aug. 

Sept. 

Oct. 

Nov. 

Labor. 

Material. 

Total labor and material. 

Mileage. 

Cost per mile. 

Average cost per mile. 

Total miles to date. 

17.15 

8.92 

26.07 

2,912 

0.009 

0.009 

2,912 

72.04 

78.24 

150.28 

7,974 

0.018 

0.016 

10,886 

169.91 

362.15 

532.06 

8,031 

0.066 

0.037 

18,917 

113.51 

288.68 

402.19 

5,990 

0.067 

0.044 

24,907 

105.56 

32.29* 

73.27 

6,096 

0.012 

0.038 

31,003 

195.78 

473.13 

668.91 

5,965 

0.112 

0.050 

36,968 


Note. —Cost in dollars. Cr. 


TABLE III 

PERFORMANCE OF N. Y., N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 037. 



1914 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Labor. 

35.93 

61.68 

72.78 

93.79 

119.65 

107.20 

75.63 

115.50 

Material. 

4.69 

35.94 

159.83 

102.73 

212.87 

184.26 

209.81* 

47.34 

Total labor and material.... 

40.62 

97.62 

232.61 

196.52 

332.52 

291.46 

134.18* 

162.84 

Mileage. 

538 

4,020 

5,641 

7,643 

8,341 

7,203 

7,217 

6,367 

Cost per mile... 

0.075 

0.024 

0.041 

0.026 

0.040 

0.040 

0 

0.026 

Average cost per mile. 

0.075 

0.030 

0.036 

0.032 

0.034 

0.036 

0.026 

0.026 

Total miles to date. 

538 

4,558 

10,199 

17,842 

26,183 

33,386 

40,603 

46,970 


Note. —Cost in dollars. * Cr. 


TABLE IV 

PERFORMANCE OF N. Y., N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 028. 



1914 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Labor. 

Material. 

Total labor and material. 

Mileage. 

Cost per mile. 

Average cost per mile. 

Total miles to date. 

2.04 

17.25 

19.29 

2,103 

0.009 

0.009 

2,103 

63.12 

25.15 

88.27 

3,902 

0.023 

0.018 

6,006 

135.80 

211.95 

347.75 

6,788 

0.051 

0.036 

12,794 

119.00 

221.73 

340.73 
5,398 
0.063 
0.044 

18,192 

259.41 

159.11 

418.52 

6,526 

0.064 

0.049 

24,718 

78.35 

39.25 

117.60 

8,256 

0.014 

0.040 

32,974 


Note.—C ost in dollars 











































114 


MURRAY: MAIN LINE ELECTRIFICATION [Jan. 20 


TABLE V 

PERFORMANCE OF N. Y., N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 020. 



1914 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Labor. 

50.54 


129.71 

120.20 

127.45 

76.35 

Material. 

29.84 

30.19 

64.29* 

195.31 

55.41 

248.09 

Total labor and material. 

80.38 

178.48 

65.42 

315.51 

182.86 

324.44 

Mileage. 

5,391 

7,997 

8,175 

7,227 

6,664 

6,348 

Cost per mile. 

0.015 

0.022 

0.008 

0.043 

0.027 

0.051 

Average cost per mile. 

0.015 

0.019 

0.015 

0.022 

0.023 

0.027 

Total miles to date. 

5,391 

13,388 

21,563 

28,790 

35,454 

41,802 


Note. —Cost in dollars. * Cr. 


TABLE VI 

PERFORMANCE OF N. Y., N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 016. 



1913 

1914 

Dec. 

Jan. 

Feb. 

March 

April 

May 

Labor. 

Material. 

Total labor and material. 

Mileage. 

Cost per mile. 

Average cost per mile. 

Total miles to date. 

23.52 

52.16 

75.68 

3,260 

0.023 

0.023 

3,260 

71.03 

46.61 

117.64 

4,820.5 

0.024 

0.024 

8,080.5 

108.88 

55.88 

164,76 

5,300 

0.031 

0.027 

13,380.5 

78.80 

29.91 

108.71 

5,139.5 

0.021 

0.025 

18,520 

132.74 

77.26 

210.00 

4,868 

0.043 

0.029 

23,388 

n 

106.13 

51.72 

157.85 

4,222 

0.037 

0.030 

27,610 


1914 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Labor... 

Material. 

Total labor and material. 

Mileage. 

Cost per mile. 

Average cost per mile. 

Total miles to date. 

155.66 

179.80 

335.46 

4,347.5 

0.077 

0.037 

31,957.5 

93.52 

91.61 

185.13 

8,282 

0.022 

0.033 

40,239.5 

112.85 

152.97 

265.82 

8,386 

0.032 

0.033 

48,625.5 

• 

129.38 

21.28 

150.66 

5,644 

0.027 

0.033 

54,269.5 

108.75 

64.64 

173.39 

8,096 

0.021 

0.031 

62,365.5 

1 

221.59 

13.86* 

207.73 

5,236 

0.040 

0.032 

67,601.5 


* Cr. 


Note,—C ost in dollars. 
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TABLE VII 

PERFORMANCE OP N. Y., N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 01. 



1914 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

I-alDor. 

0 

96.38 

156.60 

175.30 

133.64 

81.76 

a.-terial. 

0 

285.76 

351.57 

312.04 

84.85 

15.03* 

COotal labor and material. 

0 

382.14 

508.17 

487.34 

218.49 

66.73 

NIileage. 

571 

7.183 

7,396 

6,006 

5,812 

6,842 

Cost per mile. 

0 

0.053 

0.069 

0.081 

0.038 

0.010 

•A.verage cost per mile. 

0 

0.049 

0.059 

0.065 

0.059 

0.049 

'T'otal miles to date. 

571 

7,754 

15,150 

21,156 

26,968 

33,810 


Note. —Cost in dollars. * Cr. 


TABLE VIII 

PERFORMANCE OP N, Y„ N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 019. 



1914 

July 

August 

Sept. 

Oct. 

Nov. 

3La,t>or. 

Nla.'terial. 

T'otal labor and material.. .. 

NiCileage. 

Co si; per mile. 

A-verage cost per mile. 

T'otal miles to date. 

22.07 

4.18 

26.25 

2,886 

0.009 

0.009 

2,886 

121.75 

406.70 

528.45 

7,894 

0.067 

0.051 

10,780 

84.22 

207.84 

292.06 

7,766 

0.039 

0.046 

18,546 

145.20 

129.73 

274.93 

6,938 

0.040 

0.044 

25,484 

110.45 

317.68 

428.13 

5,056 

0.084 

0.051 

30,540 


Note.—C ost in dollars. 


TABLE IX 

PERFORMANCE OF N. Y,, N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE 05. 


' 

1914 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

lLat>or. 

29.82 

109.64 

43 .55 

117.45 

113.10 

235.34 

88.80 

Matierial. 

83.60 

71.29 

30.86 

309.76 

148.05 

322.91 

129.96 

TFotal labor and material.. .. 

113.4S 

180.93 

74.41 

427.21 

261.15 

558.25 

218.76 

Mileage. 

2,268 

5,432 

7,937 

8,566 

5,497 

6,783 

6,578 

Co si: per mile. 

0.05 

0.033 

0.009 

0.050 

0.047 

0.082 

0.033 

Auvorage cost per mile. 

0.05 

0.038 

0.024 

0.032 

0.036 

0.044 

0.043 

'Potal miles to date. 

2,268 

7,705 

15 ,637 

24,203 

29,700' 

36,483 

43,061 


Note.—C ost in dollars. 
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TABLE X 

PERFORMANCE OF N. Y,, N. H. AND H. R. R. ELECTRIC PASSENGER 

LOCOMOTIVE OIL 



1914 


May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Labor. 

34.55 

43.59 

145.87 

114.21 

211.08 

74.86 

166.71 

Material . 

61.61 

18.69 

85,08 

230.08 

316.83 

128.33 

70.75 

Total labor and material. 

96.16 

62.28 

230.95 

344.29 

527.91 

203.19 

237.46 

Mileaere. 

1,017 

5,671 

6,243 

6,837 

6,078 

8,122 

5,690 

Cost per mile. 

0,094 

0.011 

0.037 

0.050 

0.087 

0.025 

0.042 

Average cost per mile. 

0.094 

0.023 

0.030 

0.037 

0.049 

0.043 

0.043 

Total miles to date. 

1,017 

6,688 

12,931 

19,768 

25,846 

33,968 

39,658 


Note. —Cost in dollars. 


TABLE XL 

STATISTICS COVERING ELECTRIC PASSENGER MOVEMENT AND “ POWER 
RATE” CONSTANTS FOR DIFFERENT SERVICES—EASTBOUND. 


e 

New 

Haven 

express 

trains 

Stamford 

express 

Stamford 

local 

Port 

Chester 

trains 

New 

Rochelle 

trains 

Total 

Number of trains. 

52 

901 

667 

185 

2 

1,807 

Number of locomotives.., 

84 

1,407 

859 

214 

2 

2,566 

Number of cars. 

497 

7,054 

3,875 

1,000 

10 

12,436 

Tonnage. 

35,625 

, 566,033 

279,904 

67,884 

619 

950,065 

Train-miles. 

3,120 

18,921 

14,003 

2,405 

8 

38,457 

Locomotive-miles. 

5,048 

30,954 

18,894 

2,889 

8 

57,793 

Car-miles. 

29,304 

148,134 

80,263 

13,000 

40 

270,741 

Ton-miles. 

2,108,700 

11,886,253 

5,832,923 

882,492 

2,456 

20,712,824 

Kw-hr. used. 

66,076 

405,835 

343,846 

58,933 

222 

874,912 

Watt-hr. per ton-mile. 

31.4 

34.2 

59.0 

66.7 

90.2 

42.2 


Stamford local trains include one train, New Rochelle to Stamford. 
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TABLE XII. 

STATISTICS COVERING ELECTRIC PASSENGER MOVEMENT AND “ POWER 
RATE" CONSTANTS FOR DIFFERENT SERVICES—WESTBOUND. 



New 

Haven 

express 

trains 

Stamford 

express 

Stam¬ 

ford 

local 

Port 

Chester 

trains 

New 

Rochelle 

trains 

Total 

Number of trains. 

Number of locomotives... 

Number of cars. 

Tonnage. 

Train-miles. 

Locomotive-miles. 

Car-miles. 

Ton-miles. 

Kw-hr. used. 

Watt-hr. per ton-mile. 

49 

78 

434 

31,963 

2,940 

4,620.5 

24,855.5 

1,899,957 

60,900 

32.0 

958 

1,502 

6,994 

574,569 

20,118 

33,044 

146,870 

12,065,689 

486,203 

40.3 

604 

791 

3,941 

261,202 

12,684 

17,402 

81,676 

5,441,943 

346,935 

63.7 

185 

185 

972 

62,559 

2,405 

2,497.5 

12,591 

811,539 

62,734 

77.3 

0 

1,796 

2,556 

12,341 

930,293 

38,147 

57,564 

265,992.5 

20,219,128 

956,772 

47.4 


TABLE XIII. 

STATISTICS COVERING ELECTRIC FREIGHT MOVEMENT AND " POWER 
RATE " CONSTANTS FOR EASTBOUND AND WESTBOUND SERVICE. 



Eastbound 

Westbound 

Total 

Number of trains.. 

109 

116 

225 

Number of locomotives. 

109 

117 

226 

Number f^f cars. 

2,939 

106,905 

5,273 

5,486 

142,542 

5,184,893 

170,259 

32.8 

2,829 

86,706 

5,768 

Tonnage... 

193,611 

Train-miles. 

5,564 

10,837 

Locomotive-miles. 

5,784 

11,270 

Car-miles... 

135,792 

278,334 

Ton-miles. 

4,161,888 

9,346,781 

Kw-hr, used. 

137,048 

307,307 

Watt-hr. per ton-mile. 

33.0 

32.9 
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TABLE XIV. 

COST FOR CATENARY CONSTRUCTION 


Curve 

Curve Curve Curve 3®-l'to4®-0' 

6-track compound Tangent 0°-l'to l°-0'1°-!'t:o2°-0^ 2°-l'to 3°-0' 260 ft. span 
catenary 300-ft. span 300-ft. span 300-ft. span 300-ft, span with pull-off 


Steel. $14,390 $17,810 $19,600 $23,480 $27,500 

Concrete. 4,920 5,640 6,330 7,600 10,600 

Catenary material. 16,650 16,650 16,650 16,650 17,910 

Catenary labor. 2,800 2,900 2,900 2,900 3,220 


Total.I $38,760 I $43,000 I $45,480 $50,630 $59,230 


Curve 3®-l^ 

Curve 0°-l' Curve 1M6'Curve 2®-16' to 4®-45' 
4-track compound Tangent to 1®-15' to 2®-15' to 3°-l' 260-ft.span 
catenary 300-ft. span 300-ft. span 300-ft. span 260-ft.span with pull- 

off pole 


Steel. $9,350 $11,530 $13,280 $15,800 $18,850 

Concrete. 3,110 2,890 4,080 4,700 7,640 

Catenary material. 11,050 11,050 11,050 11,360 12,060 

Catenary labor. 1,980 2,080 2,080 2,080 2,390 


Total. $25,490 $27,550 $30,490 $33,940 $40,940 


Curve Curve Curve Curve Over 4°-l' 
2-track compound Tangent 0°-l' 1®-!' 2®-31' 3®-31' curve 

catenary 300-ft. to l®-0' to 2°-30' to 2®-30' to 4°-0' 200-ft. 

span 3O0-ft.span 300-ft.span 260-ft.span 200-ft.span span with 

pull-off pole 


Steel. $6,900 $7,220 $7,830 $9,030 11,400 $16,160 

Concrete. 3,580 3,580 4,280 4,910 6,380 10,300 

Catenary material 5,580 5,580 5,680 5,680 5,870 6,520 

Catenary labor... 1,130 1,230 1,230 1,300 1,310 1,410 


Total. $17,190 $17,610 $18,920 $20,920 $24,960 $34,450 


Tangent and Curves above 

2-track curves up to Curve Curve 4®-30' with 

single catenary 2®-30' 2®-31' to 3®-31'3®-31'to 4°-30' pull-off pole 

300-ft. span 260-ft. span 200-ft. span 200-ft. span 


Steel. $6,680 $7,700 10,500 $14,900 

Concrete. 3,000 3,300 4,600 4,300 

Catenary material. 3,530 3,600 37,60 g’oOO 


Catenary labor. 510 510 525 650 


'^otal. $13,720 $15,110 $19,385 $28,850 
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TABLE XV. 

COST FOR CATENARY CONSTRUCTION. 

Cost for One Mile Single Track of a Six-Track Road Compound Catenary. 


Tangent 
300-£t. span 

Curve 

0®-l'to l°-0' 
300-ft. span 

Curve 

1®-!' to 2°-0' 
300-ft. span 

Curve 

2°-l' to 3®-0' 
300-ft. span 

Curve 

3°-l' to 4°-0' 
260-ft. span with 
pull-off pole 

$6,460.00 

$7,166.60 

$7,580.00 

$8,438.60 

$9,870.00 

Cost of One Mile Single Track of a Four Track Road Compound Catenary. 

Tangent 
300“ft. span 

Curve 

0*-l' to 1®-15' 
300-ft. span 

Curve 

1®-16' to 2®-15' 
300-ft. span 

Curve 

2®-16' to 3®-0' 
260-ft, span 

Curve 

3®-l' to 4°-45' 
260-ft. span 
with pull-off 

16,372,50 

$6,887.50 

$7,622.50 

$8,485.00 

$10,235.00 

Cost of One Mile Single Track of a Two-Track Road Compound Catenary. 


Tangent 
300-ft. span 

1 

Curve 

OM'to P-0' 
300-ft. spanj 

Curve 

1®-!' to 2°-30' 
300-ft. span 

Curve j 

2®-31'to4®-l' 
260-ft. apan 

i 

Curve 

3®-31'to 4®-l' 
200-ft. span 

Curve 

1 over 4°-l' 

1200-span with 
pull-of pole 

$8,595 j 

$8,805 

$9,460 

$10,460 1 

$12,480 

$17,225 


Cost for One Mile Single Track of a Two Track Road Single Catenary. 


Tangent and curves 
up to 2°-30', 
300-ft. span 

Curve 

2°-31' to 3°-30' 
260-ft. span 

Curve 

3®-31' to 4°-30' 
200-ft span 

Curves 

above 4°-30' with 
pull-off pole. 

$6,860 

$7,555 

$9,692 

1 

$14,425 


Cost for an Anchor—and Sectionalizing—Bridge. 



Compound catenary 

Single 

catenary 

2 track 


6 track 

4 track 

2 track 

Steel. 

$3,200 

$1,600 

$900 


Concrete. 

2,000 

1,270 



Floor on upper deck of bridge... 
Control apparatus and connec- 

200 

160 

100 

100 

tions. 

8,000 

6,300 

4,500 

4,500 

Sectionalizing. 

600 

400 

200 

200 


Total 


$14,000 


$9,730 


$6,660 


$ 6,120 
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TABLE XVI. 

COST FOR CATENARY CONSTRUCTION. 


One mile of 
four-track 
single catenary 

Tangent 
300-ft. span 

Curve 

up to 2°-0' 
300-ft. span 

Curve 

2°-l' to Z^-Q' 
260-ft. span 

Curve 

3°-l'to 4°-0' 
200-ft. span 

Curve 
above 4°-l' 
200-ft. span 
with pull-off 

Steel. 

Concrete. 

Catenary material. 

Catenary labor. 

Total. 

18,800.00 

2,930.00 

7,035.00 

1,237.60 

$11,830.00 

3,940.00 

7,193.40 

1,311.50 

$13,490.00 

4,200.00 

7,260.00 

1,320.00 

$17,500.00 

5,640.00 

7,415.00 

1,339.00 

$20,500.00 

8,640.00 

8,170.00 

1,540.00 

$20,002.60 

$24,274.90 

$26,270.00 

$31,894.00 

$38,850.00 

One mile of 
single track 
of a 4-track road 

Tangent 
300-ft. span 

Curve 

up to 2°-l' 
300-ft. span 

Curve 

2°-l'to 3°-0' 
260-ft. span 

Curve 

3°-l'to 4°-0' 
200-ft. span 

Curve 
above 4®-l' 
200-ft. span 
with pull-off 

Single catenary. 

$5,000.15 

$6,068.74 

$6,567.50 

$7,973.50 

$9,712.50 

Anchor and sectionaliz- 
ing bridge for four- 
track single catenary. 

Steel. 

Concrete. 

Floor on upper deck of bridge. 

Control apparatus and connections 
Sectionalizing. 

$1,200.00 

960.00 

160.00 

6,300.00 

400.00 

Total. 

$9,020.00 


" '■■ mm 






























TABLE XVII. 

THE NEW YORK, NEW HAVEN AND HARTFORD RAILROAD COMPANY. 
STATISTICS OF ELECTRICAL OPERATION—NEW YORK AND SHORE LINE 
DIVISIONS. FOR THE MONTH OP NOVEMBER, 1914, COMPARED WITH 

THE MONTH OF OCTOBER, 1914. 


Cos Cob Power House. 



November 

October 


Total 

Per kw-hr. 

Total 

Per kw-hr. 

Coal consumed (tons). 

12,439.44 

2.78 lb. 

12,280.84 

2.75 lb. 

Water consumed (gals). 

38,778,000 

4.33 gal. 

35,835,000* 

4.01 gal.* 

Cost of coal. 

34,084.07 

0.381 cent 

33,526.69 

0.375 cent. 

Cost of water. 

1,582.15 

0.017 

5,015.55* 

0.057* 

Cost of other supplies. 

317.20 

0.004 

655.85 

0.007 

Maintenance of power plant and 





machinery. 

3,655.27 

0.041 

3,434.87 

0.038 

Wages and salaries. 

6,056.62 

0.068 

6,704.00 

0.075 

Total cost, maintenance and 





operation. 

45,695.31 

0.511 

49,336.96* 

0.552* 

Fixed charges (interest, taxes 





and insurance). 

16,106.89 

0.180 

16,106.89 

0.180* 

Total cost. 

61,802.20 

0.691 

65,443.85* 

0.732* 

Power Consumption (kw-hr.) 





Passenger service (elec, locos.).. 

2.894,465 


3,072,145 


Passenger service (M.U. Cars)., 

630,039 


499,367 


Freight service. 

1,508,306 


1,494,082 


Switching service. 

984,255 


848,613 


Non-Revenue service. 

10,340 


6,191 


Total used by electric locomo- 





tives and motor cars. 

6,027,405 


5,920,398 


Signals. 

107,465 


117,445 


Other company purposes. 

389,652 


399,401 


Line loss. 

543,235 


617,804 


Total used for company purposes 

7,067,757 

• 

7,055,048 


New York, Westchester & 





Boston. 

676,144 


636,058 


Other companies. 

1,205,699 


1,255,1.39 


Total power used. 

8,949,600 

8,946,245 

Maximum daily output. 

Tuesday, No-vember 24th 

Friday, October 30th 


343,300 kw-hr. 

316,630 kw-hr. 

Maximum swing. 

30,000 kw. 

29,800 kw. 


Friday, Nov. 6 — 7.00 p.m, 

Sunday, Oct. 

4—8.27 A.M. 

Maximum daily output. 

Tuesday, November 3rd 

Sunday, October 18th 


249,800 kw-hr. 

256,155 kw-hr. 

Average daily output. 

301,902 kw-hr. 

288,589 kw-hr. 

Power purchased from N. Y. C. 





Power purchased (kw-hr.). 

1,244,021 


1,306,017 


Cost of power. 

$16,097.67 


$16,348.47 


Cost per kw-hr. (cents). 

1.294 


1,252 


Total Power: 





Total power consumed (kw-hr).. 

10,193,621 


10,252,262 


Total cost of power (including 





fixed charges). 

177,890.87 


$81,792.32* 


Cost per kw-hr. (cents) (charges) 

0.764 


0.789* 



♦Revised. 
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Discussion on Conditions Affecting the Success of 
Main Line Electrification/’ (Murray), Philadelphia, 
Pa., January 20, 1915. 

Alfred W. Gibbs: While recognizing the merit of the paper 
and its frankness throughout, I call attention to a few points 
where it is not sufficiently explicit, or with which I do not 
agree. 

As for the first, I allude especially to the tendency of cities to 
require electrification through their limits, usually for the pur¬ 
pose of eliminating smoke. While it is true that the inhabitants 
of a small community may be as much inconvenienced as those 
of the largest city, it must be recognized that this demand, if 
fully carried out, means the establishment of as many steam 
locomotive terminals as there are separate lines of road leading 
into the city, the alternative to this being the electrification of 
the whole line. These local terminals would involve not only 
a heavy capital outlay, but a continued charge to expenses, due 
to the increased cost of the additional organizations and the 
less efficient use of the labor and equipment. This is properly 
a charge to electrification, and a heavy one. 

Mr. Murray is not quite fair in his criticism of the engineers 
who are responsible for the introduction of the direct-current 
system into the large terminals in New York City. It must be 
remembered that a long period of agitation had preceded the 
determination to electrify. The electrification was to avoid the 
objection to steam operation into the heart of a great city, and 
the first condition was that it should be a success from an operat¬ 
ing standpoint. Is it surprising that the engineers in charge 
should turn to methods which had been thoroughly tried out? 
In at least one case the proposal to adopt the alternating-current 
system of transmission was not seriously advanced until after a 
very large outlay had been incurred for direct-current operation, 
a large part of which would have had to be absolutely thrown 
away to introduce the new system—and that untried on a large 
scale in this country. It must be remembered, further, that any 
serious operating failure would have jeopardized the whole in¬ 
vestment and put back electrification for years. The engineers 
did not then have to settle the question of future extension of 
electrification. There was not then, and there may not be for 
a long time, any necessity to consider the question of future 
road electrification. By that time the air will have cleared 
considerably. It must be admitted that the operating results 
in New York have fully justified the engineers responsible. 

I criticize, also, the statement that one pound of coal burned 
under the boiler of a central power plant will develop twice the 
drawbar power that the same amount of coal will produce when 
burned in a locomotive firebox. Proper allowance has not been 
made for the improvement in the modern steam locomotive with 
more liberal boiler capacity and with superheat. As an example, 
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I have a record of coal per drawbar horse power for 27 tests of 
one locomotive on the locomotive testing plant at Altoona. It 


shows: 

2.5 to 3 pounds.12 tests 

3 to 3.5 pounds. 7 tests 

3.5 to 4 pounds. 3 tests 

4 to 4.5 pounds. 1 test 

4.5 to 5 pounds. 4 tests 


These are the rates when running, added to which are certain 
standby losses at terminals. 

The figures for the coal per kilowatt-hour at Cos Cob, as 
given by Mr. Murray, when reduced to drawbar horse power for 
the locomotive, do not justify the statement of relative efficiency. 

There is great difficulty in arriving at a fair basis of compari¬ 
son between steam and electric operation. For road locomotives 
and through electric operation the problem is the simplest. 
For switching service, where the steam locomotive may waste 
more steam at the safety valve that it uses in the cylinders, the 
problem is very different. This part of the paper covers one 
of the greatest advantages of the electric operation. 

In the table giving the cost of power the total costs are not 
given. Operation and maintenance account for 0.511 cent; fixed 
charges, including taxes and insurance, amount to 0.180 cent. 
No allowance is made for depreciation in the form of obsolescence 
in the power house and its equipment. From data of somewhat 
similar power houses, I should say that the fixed overhead charge, 
including depreciation, would be nearly double the figure given, 
say 0.35 or 0.4 cent., in the inverse ratio to the output. I 
regard this part of the expense account as a most important part 
of the accounting; otherwise, the time comes with startling sud¬ 
denness when you have obsolete equipment, with insufficient re¬ 
serve to replace it. 

While making these criticisms, it is but fair to recognize 
the courage of those responsible for the electrifications described 
in this paper and preceding ones. 

The paper is, in my judgment, very instructive, and all the 
more so because no claim is made for the 100 per cent perfection 
which we never realize. 

George R. Henderson: Mr. Murray’s paper on main line 
electrification will stand out as a classic” giving, as it does, 
actual figures for cost operation on an alternating-current 
line. Several years ago Mr. W. J. Whgus gave similar data 
for the direct-current lines of the New York Central. Both of 
these papers show that “ uniformity” of traffic is just as im¬ 
portant as “ density ” of traffic, otherwise the overhead charges 
of the power plant, which must be abnormally large, will more 
than ‘‘ eat up,” any saving due to fuel consumption, repairs, 
and labor, as the plant must take care of peak loads, and these 
can only be “ smoothed out” when the traffic is uniform. As 
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one hundred dollars per kilowatt will hardly cover power house 
and transmission lines, the importance of this observation will 
be obvious. 

The fuel saving is stated as 50 per cent for a fixed drawbar 
pull, yet it must be borne in mind that this comparison is made 
with the old type of saturated steam locomotives, and modern 
steam engines, fitted with superheaters, will reduce this ratio 
very considerably, say to 65 per cent the amount of coal for 
such a locomotive as would be built today. 

The fact that electric locomotives cost about three times as 
much as a steam locomotive of similar power must not be over¬ 
looked, also the flexibility of service of the latter is very impor¬ 
tant, as it may be transferred to any division desired owing to 
traffic conditions, and is not tied to a particular section whose 
limits are the lengths of the conductors leading from the power 
house. This is of prime importance to roads carrying inter¬ 
mittent business, such as live stock, which may have a week’s 
work consolidated into a single night, or on the ore.ranges in 
Michigan, which deliver cargoes to lake boats only during the 
period of navigation. Under such conditions the overhead 
charges would be out of all proportion to the work accomplished, 
and the electric locomotives would be idle a large part of the 
time, as they could be used only on electrified divisions. 

However, we are glad to note that Mr. Murray does not 
wildly and enthusiastically proclaim electrification a “ sure cure” 
for all evils, regardless of environment and operating conditions, 
as did some electrical experts a few years ago, and the con¬ 
servatism for which he pleads will surely benefit the whole 
problem of electrification, by insuring the large expenditures 
chargeable to capital only where they will produce remunerative 
returns from operation. 

E. H. McHenry: Mr. Murray strikes a very important key¬ 
note in the opening paragraphs of his interesting paper, in 
referring to the two-fold necessity for satisfying the require¬ 
ments of both the public and the railroad as the touchstone of 
success. 

The first requisite in the interest of the public may be fairly 
claimed as already satisfied, but the greater task of insuring ade¬ 
quate returns to the railroads upon the large capital investments 
required for conversion from steam to electric traction is as yet 
far removed from the state of an exact science. As stated by 
Mr. Murray, there are many places where electric traction could 
now be installed with profit, but the ability and ingenuity of the 
engineers will be taxed to the utmost degree in further widening 
and enlarging the present commercial field of application. The 
progress of recent years in the development of the art all tends in 
the right direction, as with experience and a clearer perception of 
the governing principles, the commercial efficiency of the in¬ 
vested capital grows greater, and there is no reason to doubt 
that the past progress will be continued in the future, with 



128 


MAIN LINE ELECTRIFICATION 


[Jan. 20 


the result of greatly extending the present limits. With the 
growing tendency toward the consolidation of the best features 
of all the divergent systems into one system of greatest coin- 
bined merit, the so-called war of the systems is already nearly 
at an end, and even now it will be found that there is more to 
be gained by a study of the possibilities afforded by the new 
method of train propulsion in securing the closest adapta'^on 
of its many points of merit to the operating requirements than 
by any probable difference between rival systerns. There is 
room for much optimism in this general direction, although 
many cases will arise of special difficulty, in which the com¬ 
munity or that part of the public most benefited by the im¬ 
proved facilities, are least able or least willing to pay the cost 
of the service, as in the case of communities using costly pas¬ 
senger terminals, and unless some satisfactory method^ can be 
devised for spreading the cost of such service over a city or a 
state substantially in the form of a tax, no practical solution of 
this difficult problem will be clearly apparent. In electrification, 
as in all other branches of engineering, the highest art will be 
shown by “ the ability to make a dollar earn the most interest. 

C. Renshaw: As a traveler climbing a mountain will often 
not realize the height he has attained until, pausing, he looks 
back over the route he has traversed, so, although from the 
beginning I have followed the New Haven electrification through 
its various stages, the summary which Mr. Murray gives of 
the electric mileage, equipment, and activity to which the road 
has now attained has impressed me particularly. 

The application of electricity to the operation of every class 
of passenger, freight, and shifting service on an entire engine 
division of one of the busiest trunk line railroads of the country 
is an achievement that stands without a parallel in the entire 
world. It should be particularly gratifying, not only to those 
who are interested in electrical matters, but to the general 
public as well, that the undertaking is proving an economic as 
well as a technical success. 

No less notable than the achievement itself has been the 
policy of the railway company in giving so freely to the engineer¬ 
ing public the full results of its investigations and experience, 
not only with regard to its successes, but—what is of perhaps 
greater utility and certainly of greater rarity—with regard to 
its. difficulties. The costs and other data which Mr. Murray 
has included in this paper form a valuable addition to the pre¬ 
vious contributions which he has made. 

As might be expected from experience with any original enter¬ 
prise, Mr. Murray estimates that the electrical plant of the New 
Haven road, with the ten years’ experience in construction and 
operation, now available, could be reproduced today for not 
more than 60 per cent of its original cost. It should be gratify¬ 
ing to all, however, that he also states the financial return will 
ultimately be sufficient to justify the actual expenditure to 
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date, so that the courageous pioneer will not be a loser. Some 
road, he says, had to make the first break into the dark, but, 
from the data assembled, future results in the application of 
electricity in heavy trunk line territory ^can be predicated on 
assembled facts and not predicted from hypothetical analysis. 

In considering the economies over steam operation, by means 
of which electrification can justify the investment which it re¬ 
quires, Mr. Murray puts the matter very simply by pointing out 
that these economies are normally of three kinds; i.e., saving in 
fuel, saving in motive power maintenance and repairs, and sav¬ 
ing in train-miles. 

Broadly speaking, he says the costs of the first two items 
under electrification will be one-half the cost under steam 
operation. The saving in train-miles, however, depends very 
largely on local conditions and cannot well be generalized. 
Success in electrification, therefore, is primarily dependent 
upon density of traffic. This reduces the matter pretty well to 
its lowest terms and should help eliminate some of the mystery 
with which the savings to be effected by electrification have 
apparently heretofore been surrounded in the minds of many 
railroad operating officials. 

A detail in the paper which deserves particular coniment is the 
fact which is pointed out that an electric locomotive, like an 
over-willing horse, may work itself to destruction if permitted 
to do so. While it is perfectly possible to keep the cost of 
maintenance and repairs at one-half that of steam locomotives, 
under conditions most favorable to steam operation, Mr. Murray 
says it is only by the most rigorous and careful inspection and 
conformity to proper rules of operation that this can be done. 

This fact is one of the most difficult to impress upon the 
minds of steam railroad operators, and it is to be hoped that 
the figures of 8.6 and 10.6 cents per mile for the maintenance 
and repairs of the general average of New Haven locomotives, 
as compared to the average of 3.96 cents per mile for the ten 
locomotives which have been properly overhauled, will^ have 
some effect in bringing about a more thorough realization ^ of 
this, important matter. Incidentally, this figure for the main¬ 
tenance and repairs of ten locomotives, making 466,524 miles 
in the seventh year of their age, is a remarkable comraenta.ry 
on the reliability of such equipment when handled intelligently. 

The paradoxical action of heavy freight trains in steadying 
the power house load instead of causing an increase in the pea^s, 
as it was feared they would do, is also of interest. The fact that 
these trains, by dropping the voltage slightly, when drawing 
heavy accelerating currents, naturally cause other trams moving 
at high speed in the neighborhood to reduce automatically their 
power requirements, is readily appreciated when once noted, 
but is one of the many items brought out by actual experience 
which are often overlooked in advance calculations. Fortu¬ 
nately, in this case the unforeseen item is one which produces 
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a favorable rather than an unfavorable efl'ect on the operation 
of the system. 

Many other items which Mr. Murray has set forth are also 
worthy of comment, and the entire paper fonns a valuable con¬ 
tribution to the subject. We hope that it may serve as an in¬ 
spiration to other engineers in active touch with the operation of 
similar properties to present their experiences with equal freedom 
for the general benefit of the art. 

F. E. Wynne: Mr. Murray’s paper is a very valuable con¬ 
tribution to the literature of electric railroading, not only on 
account of the operating data which it contains, but because 
of its clear exposition of the broad principles to be considered 
in deciding whether an electrification will be successful. In 
the past electrical engineers have been accused (and to some 
extent rightfully so) of advocating wholesale electrification of 
steam railroads without regard to the measure of success which 
might be expected. It is therefore very pleasing to find a rep¬ 
resentative electrical engineer taking the stand that an electri¬ 
fication is only justified when it is an assured success from the 
standpoint of all parties concerned. 

The figure of $15,000,000 given as the expenditure for elec¬ 
trification of the New Haven Railroad to date indicates that the 
expenditure has been $120,000 per unit of motive power and 
$30,000 per mile of single track. Complete electrification of the 
New ^York-New Haven division will be accomplished without 
additional expenditure for trolley construction (which is a very 
large proportion of the total), and consequently these unit figures 
will ^be somewhat changed. The total expenditure per unit of 
motive power will gradually decrease and that per mile of single 
track will iricrease to some extent because of the large number of 
electric engines in service without increase in the mileage of 
the electric zone. 

The further statement that the present plant could be repro¬ 
duced at the present time with better operating results for not 
more than 60 per cent of the actual cost to date, indicates that 
for an installation similar to the New Haven the total cost may 
be liiade less than $70,000 per unit of motive power, while the 

single track will be in the neighborhood of 
$20,000. These figures, as noted by Mr. Murray, represent the 
cash outlay, and in detemiining the net cost of electrification 
they will be reduced by the credits for steam equipment replaced, 

The figures given for mileage show that passenger locomotives 
average approximately 170 miles each, daily, and that only 
AZ per cent of the total number of passenger trains have the full 
run of seventy-three miles. This daily mileage per locomotive 
is comparable to that secured from electric cars operating in 
rapid transit and heavy interurban service. It therefore seems 
reasonable to assume that when all through trains arfeS^^^^ 

^erated the average daily mileage per locomotive may be 
materially increased. 
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Similarly, the multiple-unit motor cars show an average of 
eighty-four miles each, daily. This is relatively low, but is un¬ 
doubtedly due to the fact that local trains are bunched in the 
morning and evening rush hours to a greater, extent than is 
ordinarily found. This low mileage, together with the fact 
that over half of the total multiple-unit trains operate with only 
one trailer per motor car, indicates that the railroad is not yet 
getting the full benefit of the rather large equipments on the 
motor cars. 

The figures given in connection with the operation of the 
switching engines illustrate the remarkable reliability and operat¬ 
ing economy of electric locomotives in this particular class of 
service. Such results lead us to believe that the field for the 
electrification of railroad yards is a large one and that consider¬ 
able progress in this direction will follow a full appreciation of the 
success which may be expected. As density of traffic is one of 
the largest factors in determining the advisability of electrifying 
main lines, so the desirability of yard electrification will largely 
be determined by the degree of congestion existing. In such 
installations the initial expense may be reduced to a minimum 
where central station power is available. 

Mr. Murray states that electrification very quickly increased 
the reliability of operation to some three or four times that of 
the steam operation it replaced. We do not altogether under¬ 
stand what is the measure of reliability used in making this com¬ 
parison, but assume he means that the number of failures were 
from one-third to one-fourth as many as were encountered during 
steam operation for a similar period. 

In connection with Mr. Murray's statement that maintenance 
and repairs on electric locomotives amount to approximately one- 
half those required for steam locomotives with equal weight on 
drivers, I should like to ask whether operation in equal service 
also should not be part of the basis of comparison. 

The remarks regarding the differences in the natures of elec¬ 
tric and steam engines are particularly pertinent, and Mr. 
Murray’s plea for electrically-trained men in the administrative 
department of electrified steam railroads points out one of the 
things which is of the highest importance in securing the fullest 
measure of success in electrifications. 

It is interesting to note the results secured in connection with 
energy consumption, as these closely check the accuracy of cal¬ 
culations made in connection with this service, thus illustrating 
the fact that the energy consumption with electric operation 
can be very closely predetermined where trains are operated on 
a steam railroad basis; that is, with definite schedules and def¬ 
inite stops. The figures given show, further, how rapidly 
the consumption of energy increases with the increasing number 
of stops as indicated by the several classes of service. Since the 
electrical equipment is merely apparatus for converting electrical 
into mechanical energy, it follows that with increased unit en- 
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ergy consumption increased work is required of the electrical 
equipment, and therefore electric locomotives will safely handle 
much greater tonnages in through service than in local service. 
They will also handle greater tonnages at moderate speeds than 

can be operated at high speeds. 

The information regarding the improvernent of load factor 
and smoothing out of the curve of power station output with the 
addition of trains (even though those trains were comparatively 
heavy) illustrates a principle which has been found to exist in 
connection with city and interurban electric railways, namely, 
that the peak load on the system increases less rapidly than in 
proportion to the increase in number of cars or trains operated. 
However, in city and interurban systems this is probably due 
more to the fact that, as the number of cars operated increases, 
a smaller proportion of the total are starting simultaneously, 
rather than to the flywheel effect of the moving cars. We are 
inclined to the opinion that with further increase in the number 
of trains electrically operated by the New Haven Railroad^ some 
benefit in the improvement of load factor and reduction of 
peaks will be secured from this source, as well as from the 
wheel effect of the moving trains. 

The reduction in cost of the trolley construction which has 
been made since the initial installation shows great progress in 
the right direction. However, we believe that, it is not yet suffi¬ 
ciently low to represent maximum all-round economy. This 
belief is strengthened somewhat by Mr. Murray’s statement of 
the extraordinary reliability of the overhead^ construction in 
stormy weather. This great degree of reliability leads us ^ to 
question whether part of the cost of the overhead construction 
may not be due to its being designed with an unnecessarily great 
factor of safety. 

In connection with Table XVII, only interest, taxes, and in¬ 
surance are specified as fixed charges. I should like to^ ask 
whether a depreciation allowance is included in the figures given. 

I feel that the Institute is to be congratulated upon securing 
the presentation of such an able paper, and trust that its_ author 
may continue to make public his valuable data regarding the 
principles of railroad electrification, to the end that electric 
operation of steam railroads may be extended and may be at¬ 
tended by the greatest success. 

Philip Torchio: The growth of large electrical undertakings 
has been the evolution from small beginnings. In the case of 
railroad electrification, however, the problem has been quite 
different. With an established heavy traffic which does^ not 
allow of interruption or delays, a new system of traction is to 
be substituted, requiring radical structural changes all along 
the line and an entire new system of power generation and 
distribution. 

The engineers confronted with the problem have attacked it 
in a comprehensive and thorough manner, developing complete 
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systems as self-sustaining and autonomous as the progress of 
the art allowed them to accomplish at the time. Mr. Murray 
has described the operation of a system which really went a step 
further and anticipated the progress of the art by many years. 
The importance of this epoch-making “ experiment is naturally 
very great. 

The author emphasizes the point that the experience of the 
New Haven will benefit the other railroads in solving their prob¬ 
lems of electrification. In this connection I wish to call atten¬ 
tion to the item of investments in power houses and power-trans¬ 
mitting lines> which in all the original electrifications were as¬ 
sumed as a necessary part of the equipment, but which in late 
years the railroads have found more economical to omit from 
their investment, substituting purchased power delivered to 
them by central-station power companies. The New Haven has 
purchased from the New York Edison Company all the power re¬ 
quired for its western section of the alternating-current lines and 
terminals. The Pennsylvania Railroad has purchased from the 
Philadelphia Electric Company the power for the electrification 
of its main line from Philadelphia to Paoli and for its other con¬ 
templated extensions around Philadelphia. The London, Brigh¬ 
ton and South Coast Railway Company buys current from the 
London Electric Supply Corporation, Ltd. The Chicago, Mil¬ 
waukee and St. Paul Railway and the Butte, Anaconda and 
Pacific Railway buy power from the Montana Power Company. 

Along every large railroad where the heavy traffic would 
warrant electrification there is, or can be made readily available, 
abundant supply of electrical power from power companies. 
These companies, by averaging the power demand from a great 
diversity of users, reap economical advantages in investment and 
in generation and distribution of power which the railroad can¬ 
not secure under independent generation. I wish to_ call atten¬ 
tion to this phase of the problem, as the saving in investment 
in stations, substations and transmission lines may reppsent 
a sensible item in the investment of railroad electrification. 

The central stations, besides offering investment and operat¬ 
ing advantages, can furnish, in addition, a more reliable supply 
of power, because they command the best knowledge of the^ art 
of electricity supply, which is their exclusive and specialized 
business. 

W. A. Del Mar: This paper is interesting not only as a state¬ 
ment of operating results with the single-phase system of trac¬ 
tion but also as a basis of comparison between steam and elec¬ 
tric traction. Indeed, so nearly equal are the principal elec¬ 
tric systems from an economic point of view that we may well 
afford to neglect their rivalry in view of the more vital rivalry 
between steam and electricity. I believe that the “ battle of 
the systems ” was largely caused by the advocates of each 
system being so carried away by enthusiasni as to be unable 
to tell the whole truth, whether in defending their own or 
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criticising the others. Here, at last, we have a presentation of 
operating results, making it unnecessary to base conclusions 
upon specious arguments about details. 

It is unfortunate that the operating costs are given for only 
two months of the year. The results would have been more 
valuable if they had been based upon a complete year, as it is 
almost impossible to select two really representative months, 
especially in view of inevitable variations of maintenance costs 
of equipment. The omission of the annual fixed charges is 
also to be regretted, as it is well known that the running charges 
can be made less with electric than with steam traction, but it 
is not always clear whether the fixed charges added by the elec¬ 
trical plant will destroy the favorable balance due to operating 
economies. Various cost data are presented, but in such form 
as not to be available for calculating fixed charges. We do 
not know, for example, whether the $15,000,000 expenditure 
mentioned by Mr. Murray includes the cost of reducing tele¬ 
phone disturbances and of altering the right-of-way to conform 
with electrical requirements. 

One cannot help being appalled at development charges 
amounting to 40 per cent of the entire investment, as one 
would infer from Mr. Murray’s statement that the present 
system could be replaced for 60 per cent of the original invest¬ 
ment. An interesting feature about the installation has been 
the development from the complex to the simple in mechanical 
details, and vice versa in the electrical features. 

Examining the operating costs with the view of comparing 
them with steam operating results, one is confronted by a series 
of questions which, if unanswered, will render such comparison 
difficult. Having gone to great trouble to segregate and clearly 
present the operating costs, Mr. Murray proceeds to obtain unit 
costs by dividing these operating costs by car mileages and train 
mileages of unspecified nature. It is to be hoped that Mr. 
Murray will state the nature of the mileages with greater detail, 
particularly as to whether they include yard switching and light 
locomotives. These two items may easily amount to 15 per 
cent of the entire mileage. 

The fixed charges given for the Cos Cob power station ap¬ 
pear to be very low. It would be interesting to know whether 
they include depreciation. 

An interesting feature of the New Haven installation is the 
use of meters on the locomotives. This enables an intelligent 
estimate to be made of the relative cost of different classes of 
service, such as passenger locomotive, freight, and multiple-unit. 
Meters on locomotives are not very accurate, due to vibration, 
but it is interesting to note that, provided the vibration is im¬ 
partial with respect to making the meters read high or low, 
the probable error in the aggregate reading will be quite small, 
due to the large number of locomotives. Thus where there are 
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100 locomotives a possible error of 20 per cent in each meter 

20 

will cause a probable error of only V100 == 2 per cent in the total. 

Electric railway men should feel very grateful to Mr. Murray 
for this paper, which will long be consulted as a classic upon a 
great engineering topic. 

R. H. Wheeler: In this paper there comes a boon to those 
interested in the application of electricity to train movements, 
in the practical definitions of conditions which affect the suc¬ 
cess of a railroad electrification, supplemented by copious data 
resulting from an extended period of operation. The haze from 
the shots ” of the “ battle of systems ” now clears away from 
the single-phase side of the field, showing an interesting array 
of results achieved. 

Two points, from the many ably put forth, appeal to me 
for special emphasis. These are vital to the success and quantity 
of success, which latter is the chief “ lureof electrification. ^ 

First .—The careful analysis and choice of a form of electric 
power which may be standardized for all classes of train service 
on that road. 

Second .—The “ inheritance ” to electric operation of steam- 
trained ” operators. 

Under electric operation the power plant is separated from 
the locomotive, and it is evident that the economy of energy 
transmission, from its source to the wheels of the engine, is 
paramount. The overhead contact wire lends itself very readily 
to this transmisson duty, in yards, terminals, on the road, and 
elsewhere. For reasons of high economy of transmission and 
diversity of transformations, Mr. Murray suggests that this 
wire be energized with 11,000 volts single-phase, 25-cycle power. 
By the use of the mercury-arc rectifier the admirable qualities 
of the series direct-current motor can be retained. This motor 
is especially desirable where the density of traffic factor is 
highest, as in suburban and terminal electrification,_ on account 
of its accelerating capabilities and weight economies, both in 
itself and its control. However, to carry about a rectifier upon 
the class of equipment employed in terminal service, even if 
rectified single-phase current were suitable, would impose a 
serious handicap in both weight and control complication. 
Rectified single-phase current is not ideal for direct-current 
motors of the usual design, requiring increased thermal capacity 
and thus weight. These reasons militate against the “ standard ” 
proposed as suitable for all classes of train service. 

However, by placing the rectifier in the roadside substations 
and taking advantage of the economies and freedom of dis¬ 
turbance to other local circuits of a balanced three-phase, 60- 
cycle supply, another “ standard ” results which supplies, over 
the overhead contact wire, power at 3000 volts direct current, 
and which has the desired essentials of transmission economy 
and standardization of motive power equipment. In the case 
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of heavy grade divisions operated by rectifier substations, 
engines arranged for regeneration would be employed. This 
second standard ” is offered to emphasize Mr. Murray’s defi¬ 
nition of the successes arising from a choice of energy which can 
be standardized. A railroad which, in its initial electrification, 
utilizes a system which is capable of being extended through 
successive increases of electrically-operated territory has gone 
far to insure successful electrification. 

With the figures Mr. Murray presents, indicative of the suc¬ 
cessful operation of the New Haven motor cars and a-c.-d-c. 
engines since the last overhaul in a well-appointed maintenance 
shop, it is evident that the straight alternating-current engines 
will show greater economies. When the data are available from 
the Butte, Anaconda and ‘Pacific Railroad, Chicago, Milwaukee 
and St. Paul Railroad, and Canadian Northern Railway, giving 
results of operation, especially as the latter is to employ 2400- 
volt motor cars, another decisive step towards standardization 
can be made.' 

Secondly, I wish to emphasize the important part that 
‘‘ heredity ” plays. Mr. Murray states that a thorough under¬ 
standing must be had of the fundamental differences between 
steam and electric operation. Electric operation is a more 
exact science than vSteam operation, since a great many of the 
variable factors are removed. Chief of these, the power gen¬ 
erating plant, is removed from the hands of the fireman, and he 
cannot now produce more power to get an overloaded engine over 
the road. Certain rules and axioms the officials of the operating 
department rnust appreciate in adapting themselves to the era 
of electrification. 

As well, the proper care and thorough inspection of electric 
equipment should be insisted upon and the long life resulting 
from renewals and not repairs be gained. It takes thorough 
investigation and time to care for such equipment, and in the 
early stages a little more leeway should be given the shopmen. 
Cooperation in these things will produce the economies which 
make an electrification successful. 

W. S. Murray: The writer takes this opportunity of ex¬ 
pressing his appreciation of the many interesting points and 
suggestions that have been brought out in the discussion of 
the paper. 

Before specifically commenting on the individual discussions, 
the writer desires to draw attention to an (apparent) error in 
the paper, which appears in Table XVII, under the statement 
covering the output of the Cos Cob station. In that state¬ 
ment the fixed charges are named as 1.8 mills per kw-hr. This 
statement is based upon certain discounts allowed by the 
railroad company on installation charges, and also does not in¬ 
clude depreciation. Eor outside comparative purposes, however, 
the rate of 1.8 mills should be changed to 2.9 mills, the latter 
figure being based upon an eleven per cent rate on the total 
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investment involved, carrying with it interest, insurance, de¬ 
preciation, and taxes. The total cost, therefore, for current 
would become 8.01 mills per kw-hr. instead of the rate named 
in the paper of 6.91 mills, the former and larger figure being 
then in form, as previously stated, for comparative purposes. 

I am indebted to Mr. H. P. Davis, vice-president of the West- 
inghouse Electric and Manufacturing Company, for his valuable 
discussion, and it is hardly necessary for me to point to the fact 
that not a little of the success in the application of high-tension 
alternating current to heavy traction systems is due to Mr. 
Davis. In particular we are indebted to Mr. Davis for the 
system of control that is used for electrical sectionalization, 
and, while the New Haven system now in service has been 
modified considerably to conform to the rearrangement of its 
circuits to reduce to a minimum electromagnetic induction, the 
earlier and basic elements which were worked out largely under 
the suggestion and cooperation of Mr. Davis are found in the 
system now controlling our entire lines. 

Mr. Davis’s long connection with the development of heavy 
electric railway equipment lends authority to his voice in com¬ 
menting on the proper treatment which should be accorded elec¬ 
trical equipment. It might be said of electrical as compared 
with steam equipment, that it is possible to get twice as much 
out of it and it is four times as different, and the brains and 
fingers that are to handle the electrical equipment should have 
an electrical rather than steam instinct governing them, for 
the rapid progress and success of the application of electricity 
to heavy traction railways will largely depend upon the recog¬ 
nition of these simple facts. 

Of the various departments of a railroad, covering respectively 
executive, traffic, transportation, legal, operating, and engi¬ 
neering matters, it were natural and seemingly logical to assign 
an electrification problem to its engineering department, and 
yet the advance of the art in the application of electricity for 
heavy traction purposes has been so rapid that I venture the 
opinion that ninety per cent of the chief engineers of all the 
roads in this country, being so perfectly unacquainted with the 
underlying principles of the generation and application of elec¬ 
tricity, would shrink from such a responsibility. It is to be 
noted that a few roads have placed their engineering department 
under the jurisdiction of their operating department, under 
which arrangement an assignment of the problem to the engi¬ 
neering department jeopardizes still further the desired result. 
The railway company will do well, therefore, when it decides 
to make so radical a change in its motive power, involving 
millions of dollars, to assign that responsibility solely to a man 
qualified to assume it, and also to see to it that his hands are 
not tied by having to report to officers in the engineering and 
operating departments, who are unacquainted with the^ govern¬ 
ing principles of electricity; indeed, on the contrary, it is my 
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opinion that these departments should be requested by the 
president to cooperate to the full with the officer responsime 
for the work, thus clothing rather than robbing him of the 
authority so essentially necessary in producing an electrtcal 
plant to accomplish an electrical result. ^ ^ . . 

As the above is true in the matter of electrical engineering 
and construction, it is to a very great extent true in the matter 
of operation, and, as pointed out in the paper, while no radical 
change is necessary in the general railroad organization of to¬ 
day, I cannot too greatly emphasize the absolute truth that 
when a railroad company has adopted electricity to be its motive 
power the operating officials should state the schedules and con¬ 
sist of trains, and then abide by the decision of the electrical 
officer (whose duties might be defined as “in charge of electrical 
engineering and construction and the features of electrical opera¬ 
tion ”) as to what power, both generative and motive, is neces- 
sary. 

In the past there has been an appalling attitude on the part 
of officials of some steam railroads electrifying—rather than 
welcoming the selection of electrically-trained men for posi¬ 
tions such as superintendents of electrical shops, road fore¬ 
men of electric engines, master mechanics for electric engines, 
to insist that these positions be filled by men who have occu¬ 
pied seemingly analogous positions under steam locomotive 
conditions, notwithstanding their past environment, experience, 
and adaptability to the new and different conditions confront¬ 
ing them make them unfit, both from a safety and economic 
standpoint, to serve. Railway managements are now waking 
up to these facts, and in the last year great improvement in 
the electrical personnel of the' operating departments has re¬ 
sulted. There is much along these lines to be accomplished 
yet, and dire necessity, as much as anything, has brought about 
the real and final awakening to a differentiation between elec¬ 
trical talents that apply and those of steam that do not. This 
information is too vital, and, indeed, as it constitutes the very 
rivets and gusset plates of the electrification bridge over which 
we are crossing to more economic, safe, and satisfactory rail¬ 
roading, it has a fitting place here. It has been a strenuous 
past; the bills have all been paid, and as sure as they represent 
the millions of dollars lost in the past, so do they equally rep¬ 
resent the millions of dollars to be saved in the future, and so 
at least we can say it has taught us “ how not to do it.” 

Referring to Mr. McHenry’s comments: It has always seemed 
to me that electrification has been an advantage to “ the many” 
at the expense of “ the few.” While it is true that electrifica¬ 
tion for economy's sake bids fair to preempt the use of it for 
necessity's sake, still it is fair to believe that the consideration 
of electrification of city terminals carries for the present a more 
popular justification, and if it can be proved beyond doubt 
that the electrification of city terminals imposes a financial 
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burden upon the railroad, it would seem to me that Mr. Mc^ 
Henry’s suggestions of an “ outside ” tax should find justifica¬ 
tion. 

In' Mr. George R. Henderson’s valuable contribution to the 
paper an excellent point is made with regard to the uniformity of 
traffic being a most important adjunct in securing the economies 
of electrification. In nearly all the situations of electric power 
generation and distribution we seldom, if ever, hear of one 
wherein a 100 per cent load factor obtains. There are thus 
certain hours in a day, and in railroad work generally two such 
periods (if only the passenger service is operated by electricity), 
when the power requirements are at a maximum. It is thus 
seen that at all other times of the day and night full advantage 
is not being taken of the total electrical investment. Realiza¬ 
tion upon Mr. Henderson’s suggestion is to a large measure 
accomplished by the electrical movement of freight as well as 
passengers, as the maximum power demand for the former can 
be made to follow at the time of minimum demand for the latter. 
Those who have studied the matter of load factors in their 
application to lighting and street railway properties have ac¬ 
customed themselves to such figures as from 35 to 45 per cent 
and sometimes reaching 50 per cent load factor. I have no 
doubt it will be of interest to state that in plotting the combined 
load curves of the New Haven passenger, freight, and switching 
services without any rearrangment of the schedules as they are 
made up today a load factor of 75 per cent is secured, which 
figure, I am sure Mr. Henderson will agree, bespeaks the uni¬ 
formity of the density of traffic at least in the New Haven 
case. It is apparent, therefore, that in the study of electrifica¬ 
tion equal consideration should be given to both freight and 
passenger movement. 

With regard to fuel saving, if the economy of generating units 
remained fixed, it would be fair to grant Mr. Henderson’s point 
with regard to the change of ratio from 50 per cent to 65 per 
cent. On the other hand, the thermal efficiency of generating 
plants is easily keeping pace with that of steam locomotives, 
and, granting this, there are no other constants or variables 
which will tend to alter the ratio of one to two in favor of the 
fuel economy of drawbar pull by central electrical stations 
versus steam locomotives. 

Mr. Henderson’s point with regard to the transfer of steam 
locomotive power to different divisions of a road where con¬ 
gestion may require is interesting; I can conceive, however, of 
a division electrifying, with economy, not inclusive of the 
financial credits due to the steam locomotives replaced, thus 
automatically providing steam locomotives for service in the 
congested districts. The principal value of Mr. Henderson’s 
observation on this matter, to me, is in pointing out that every 
electrification is a study in itself, and in electrifying one division 
its effect may be felt in many different ways in other divisions. 
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I am indebted to Mr. F. E. Wynne for his unit analysis^ of 
investment cost. I think that he has transformed electrihcatioii 
investment into a very unique and interesting basis for con¬ 
sideration. His assumption with regard to the limitation of 
passenger locomotive and multiple-unit car mileages is entirely 
correct; the morning and afternoon suburban traffic to and froni 
New York City, with its close headway, makes the^problem of 
securing high car and locomotive mileage most difficult. 

Answering Mr. Wynne’s question as to the statement of in¬ 
creased reliability of operating when electric was substituted 
for steam service, I would advise that this was, as he surmised, 
upon a failure basis. A fair average for steam locomotive opera¬ 
tion might be cited as 5000 miles per engine failure, whereas 
with electrical operation it certainly should be 12,000 and in a 
number of instances on the New Haven it has been as high as 
18,000, and it is my understanding that both the Pennsylvania 
and the New York Central have reached figures higher than 
this, our own mileage having been lower than the others, due 
chiefly, I think, to the requirement of the dual a-c-d-c. opera¬ 
tion. 

I am entirely in agreement with Mr. Wynne that the main¬ 
tenance and repairs on electric locomotives should be compared 
to those of steam upon the basis of equal service and weight on 
drivers. 

Again I find comfort in Mr. Wynne’s emphasis upon the 
high importance of securing the proper electrical administrative 
forces in the electrified zones of steam railroads. 

Answering Mr. Wynne’s inquiry with regard to Table XVII, 
as explained in my general note at the beginning of this dis¬ 
cussion, no allowance was made for depreciation under fixed 
charges. 

Mr. Philip Torchio’s contribution is of great interest, and 
shows the trend and possibilities of large central-station power 
in the field of electrification. The introduction of an alien power 
to produce drawbar pull upon a railroad is certainly a departure 
from past practise. The acceptance of this practise hyphenates 
the name of the mechanical superintendent, and the central 
power stations who have relieved him of a part of his duties will 
do well to see that this new step is justified, and it can only be 
justified by a practically perfect continuity of service. 

Many railroads electrifying will insist upon the internal con¬ 
trol of their entire power, others will mingle purchased power 
with their own power, and, finally, still others will depend en¬ 
tirely upon purchased power. I see no particular difficulty 
arising in any one of these three arrangements of supply, and 
I have agreed with Mr. Torchio that the only true basis fora 
contract by a railroad for the supply of outside power will be 
that that power can be supplied with the same reliability as 
the power could be produced by the railroad company and at 
equal cost. 



1915] 


DISCUSSION AT PHILADELPHIA 


141 


The higher thermal efficiency secured in the use of large 
generating units affords an opportunity for large central-station 
plants to sell power to railroads, a measure of the justifiable 
profit in this sale being in the difference in efficiency between the 
smaller generating station (required by the railroad) and that 
of the central station. Such an arrangement as Mr. Torchio 
has pointed out provides an economical supply^ of power, and 
at the same time obviates the necessity of the railroad company 
investing in this feature required for electrification. Indeed, 
and digressing for a moment, I will go a step further under Mr. 
Torchio’s thought and say that in these days when railroads are 
so hard up for cash the “ equipment trust ” offers a relief in the 
matter of the purchase of electric motive-power equipment,^ 
leaving as the only cash investment necessary, on the part of 
the road electrifying, that incident to the cost of the distribu¬ 
tion and contact system required for the operation of its trains, 
and such buildings or modifications of buildings as will cover 
the shopping requirements of the new electrical equipment. 

Commenting on Mr. Alfred W. Gibbs’s valuable contribution 
in the discussion: His first point is well taken, and has been long 
recognized as one of the serious capital and operating expendi¬ 
tures where the problem of electrification is applied to deviating 
lines entering a city, and unless, as Mr. Gibbs points out, each 
one of these lines is electrified throughout the entire division, 
it is necessary to arrange local terminals to permit a change 
from steam to electrical operation. vSuch a condition, for ex¬ 
ample, is manifest in the study of the electrification of the various 
lines of the New York, New Haven and Hartford, the Boston 
and Albany, and the Boston and Maine Railroads entering the 
city of Boston. As Mr. Gibbs advises, this is quite properly 
a charge to electrification, and a heavy one. On the other 
hand, large cities gridironed with their entering roads may have 
a density upon these tracks which will permit the terminal 
charges and still be within the economic limit of electrification. 
The tendency will be, of course, to electrify roads entering the 
cities upon which the greatest traffic obtains, and those having 
a lesser density will in turn be electrified as increased density 
justifies. The difficult financial situations in which the rail¬ 
roads of today find themselves are becoming better appreciated 
daily by the public, and it is safe to assume that, as density of 
traffic is the controlling factor in electrification, a city’s people 
will see the justice of such a proposed procedure. 

I fear my little remark with regard to the third rail having 
“ gone to seed” has unwittingly lodged in Mr. Gibbs’s vermiform 
appendix, and will necessitate a slight operation on my part. 
Let me hasten to disclaim any seeming attitude of criticism 
on my part with regard to the engineers who were responsible 
for the introduction of the direct-current system, particularly 
in the New York City terminals. That the Pennsylvania Rail¬ 
road Company has adopted the overhead system for its Phila- 
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delphia electrification, I confess, offered partial grounds for the 
suggestion that the third rail was past its flowering stage. 

Mr. Gibbs’s table showing the economy of steam locomotives 
with more liberal boiler capacity and with superheat is most 
interesting. The note that Mr. Gibbs adds, however, that 
“ these are the rates when running, added to which are certain 
standby losses at terminals,'' transforms “ test ” into practical 
conditions, and, as explained in my commentaries on Mr. 
Henderson’s discussion, the improvement in thermal efficiency 
of central power stations can easily keep pace with any similar 
improvements in the steam locomotives. I feel sure that Mr. 
Gibbs will later find that my statement with regard to this 
matter is correct, and, if he does so, will take the first oppor¬ 
tunity to withdraw his criticisms of my statement that “ one 
pound of coal burned under the boiler of a central power plant 
will develop twice the drawbar power that the same amount of 
coal will produce when burned in a locomotive firebox.” When 
I made the statement I had, of course, reference to the average 
conditions of practical operation. 

As explained in the paragraph preceding my commentary 
on the general discussion, the figures for depreciation upon the 
Cos Cob power station were not included, and for comparative 
purposes they should have been allowed. Mr. Gibbs has named 
a rate of 0.35 or 0.4 cent per kw-hr., as the amount that 
should apply, and it is to be noted that upon the basis of 11 per 
cent upon the total investment made, covering interest, insur¬ 
ance, depreciation and taxes, the figure 0.29 cent, while less, 
does not differ greatly from that suggested by Mr. Gibbs. 

Mr. Wheeler discusses most interestingly two vitally impor¬ 
tant points in the matter of electrification: 

(1) The form of electric power which maybe standard¬ 

ized for all classes of train service. 

(2) The inheritance in the electric zone of “ steam- 

trained ” operators. 

With regard to (1), the question of the location of the rectifier 
on or off the locomotive will always admit of local analysis for 
the most economic result. Mr. Wheeler has pointed out some 
very interesting possibilities in this direction. 

With regard to (2), the matter of electrical administration, 
I have already expressed myself at such length on this matter 
that it will be only necessary to acknowledge with interest Mr. 
Wheeler’s concordant sentiments. 

Mr. W. A. Del Mar has asked some very pertinent and inter¬ 
esting questions, which I am very glad to answer. With re¬ 
gard to the expenditures made to reduce telephone disturbances, 
and of altering the right of way to conform with electrical re¬ 
quirements, these were included in the general figure of $15,- 
000,000 mentioned in the paper. It is of interest, however, to 
note that past experience has indicated a proper method of 
laying out the transmission and distribution system whereby 
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automatic compensation for telegraph and telephone disturbance 
can be secured for a very nominal amount. For example, in 
the case of the electrification of the four-track lines between 
Stamford and New Haven, the arrangement of transmission 
and distribution for the most economic traction result proves 
the most efficacious for reduction of the telegraph and tele¬ 
phone disturbances. 

It is of interest to note that Mr. Del Mar is appalled at the 
development charges of the single-phase system, and, while I 
am at a loss to understand how a “ fact ” can be presented in an 
“ingenious way,’' as an example of a reduction of costs, our 
strain insulators in 1907, when we first began the electrification, 
cost $63. Today, with factors of safety three times both the 
electrical and mechanical values they had in their original in¬ 
stallation, the cost has been reduced to $7. A longer experience 
in the handling of work-train service and the administration of 
construction work upon those work trains are points along the 
curve representing 40 per cent in the reduction of construction, 
etc. 

With regard to the four questions Mr. Del Mar has asked, 

I am glad to answer them as follows:- 

(1) Q. Do these mileages include or exclude yard switching? 

A. The mileages given for both passenger and freight 

service do not include yard switching (yard switching is taken 
care of by yard switchers designed especially for that purpose). 

I would advise, however, that the locomotive-miles as shown 
on line 2 of the operating statistics, in the case of both the passen¬ 
ger and freight service, include the mileage of locomotives in 
trains and also the miles “ run light ” between engine-houses and 
stations. In figuring the passenger operating costs, however, 
the mileage of engines “ run light ” between stations is also 
included, thus giving the total passenger locomotive-milp, and 
in figuring the operating costs on freight locomotives likewise 
the miles of light moves and the mileage of locomotives switch¬ 
ing at way stations on the main line are also included. It 
would doubtless be of interest to Mr. Del Mar to know that we 
have added a third sheet of statistical information having ref¬ 
erence only to yard switching mileage and yard switching costs, 
which sheet had not been inaugurated at the time the paper 
was written. 

(2) Q. If they exclude yard switching, do not the operating 

costs appear unduly high? If they include yard 
switching, how is it estimated? 

A. The above answer to Question 1 doubtless serves as 
an answer to Mr. Del Mar’s second question. While agreeing 
with his statement that the costs are high, I only hope that I hpe 
made the reason for this clear, especially in view of the typical 
record of the costs of maintaining the ten engines which at the 
time of the paper had received a full overhaul in the new shops. 
As previously explained, some of these engines had run 300,000 
miles without undergoing any general repairs. 
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[S') 0- Are light locomotive mileages included in train-miles? 

The train-miles did not include the mileage ^of lc^o- 
motives’“ run light,” but have been recorded and are included 
in the total locomotive mileage in computing the unit cost per 
locomotive-mile both in freight and passenger service. 

14') 0. The fixed charges given for Cos Cob power station 
^ ' appear to be very low. It would be mterestmg 

to know whether they include depreciation. 

A. As explained in the previous part of this discussion, 

they did not include depreciation. 

Mr. Del Mar’s point with regard to the negligible error ot 
meter registration on locomotives is very interesting, and so far 
as we have been able to determine, the meters have been an 
accurate and valuable adjunct in the determination of the gen¬ 
eral distribution of power. 
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THE BEST CONTROL OF PUBLIC UTILITIES 


BY FRANK G. BAUM 
Abstract of Paper 

The author states as an axiom that “ the best control of a 
public utility is that which develops an eagerness and ability on 
the part of the company to furnish the service, and an equal 
eagerness and ability on the part of the consumer to purchase 
the service.’’ Five elements requisite for the development of 
this eagerness and ability on the part of the company and the con¬ 
sumers are stated and analyzed. 

One of the important elements is confidence in the company 
and its rates, and the author states his conviction that class rates 
are absolutely necessary for the best development of the business. 

All classes of consumers benefit by a diversified use of electric 
energy, which makes lower rates possible. The principle at the 
bottom of all rates is to make the plant earn all it can during 
every hour of the day so that the burden of the investment 
may be distributed. The same principle applies to nearly all 
public utilities, railroad, telegraph, express and postal service. 

There is confusion in the minds of consumers because rates for 
power are lower than rates for electric lighting, and the electric 
energy for the two very different kinds of service.is measured 
in the same units, kilowatt-hours. But in the similar case of rail¬ 
way service, there is no feeling that passengers should be carried 
as cheaply as freight, because it is realized that the two kinds of 
service are very different, and one is measured in passenger-miles 
and the other in ton-miles. Therefore the author urges the 
establishment of class rates for electric service as being more 
scientific than the methods in general use at present, and less 
likely to lead to misunderstanding. Examples are given to show 
that the lighting consumer’s rate must be much higher than the 
power consumer’s, because the investment and cost of operation 
to serve the former are greater than are required to serve the lat¬ 
ter, and because, for the same peak demand, the total energy used 
by the power consumers is much greater than that used by the 
lighting consumers. The paper outlines the rnethod for deter¬ 
mining class rates for different classes of service. 

I T MUST be evident to anyone who has given serious consider¬ 
ation to the subject of the control of public utilities that 
it is necessary always to have in mind the following as an axiom: 

The best control of a utility is that which develops an eagerness 
and ability on the part of the company to furnish the service, 
and an equal eagerness and ability on the part of the consumer 

Jim 

to purchase the service. 
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Note that there must be both eagerness and ability on each 
side in order to promote the best interests of the business. Now 
how are we to determine the best way in which to develop this 
eagerness and ability on the part of the company and the con¬ 
sumer? 

1. There must be developed a diversified use of electric 
energy. 

2. Fair public service commissions must act as boards of 
arbitration between the compan^T- and the consumer. 

3. The rate of return on the investment must be liberal. 

4a. There must be confidence in the company and its rates, 
and class rates are absolutely necessary for the development of 
the business; 4b. Uniform class rates for a system or territory 
aie advisable when rates are fixed by one commission. 

5. There must be some incentive for the company to make 
economies in construction and operation. 

It will be profitable to review these five requisites in some 
detail and try to make clear some of the points now causing con¬ 
fusion in the minds of some consumers and investors. 

(1) It is necessary for the company to know the possibilities 
of the use of electricity in its territory and incessantly encourage 
the use of this form of power throughout its territory. It need 
hardly ^ be explained that the fundamental characteristic of 
electricity as an aid to human endeavor is that it can be pro¬ 
duced at certain central points and distributed by means of 
electric wires throughout a tremendous area. It is thus carried 
to every place where power or light is needed, the original power 
being divisible into an infinite number of parts, each part per- 
ormmg Its function at its proper place in a perfectly prede- 

th^Tf manner. Also it must be understood 

S Inf quantities, but must 

be produced the instant it is used. 

It IS also well to bear in mind that most labor or effort can be 

disnlacr f energy, and when power can be applied to 

_p ace physical energy there is almost always a very large 

gain in efficiency and esneciallv in 0111 - 011 + & a i i 

the larapi- I ei>peciauy in output. And always when 

huUn Tho T i^^tead of by 

For examnir’i t^ ^ stimulation of other industries, 

h or example, when a railroad takes the place of teams for haul 

Sm stSLr"" hauling be.' 

comes a primary cause for the establishment of other industries 
which were not practical before the advent of the raSw 
imilarly, cheap power in a district is generally a primary cause 
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for the establishment of other industries not possible before 
the advent of cheap power. The result is that railroads and 
electric power lines, which, like steamship lines, are primary 
causes of the establishment of other industries and tend to pro¬ 
mote general prosperity, should be encouraged, if not sub¬ 
sidized. Illustrations of the advantages to all consumers of a 
diversified business will be given under (4). 

(2) In the determination of what is the best policy for a 
public service company, the question of the proper rates for 
different kinds of service is often a matter of contention between 
the company and the consumer, and as the service which a 
railroad or a power company furnishes is a natural monopoly, 
and competition does not promote the eagerness desired on 
the part of the consumer or of the company to purchase or furnish 
the service, the regulation of the rates is now generally delegated 
to public service commissions, which are really boards of arbi¬ 
tration to determine what is for the best interests of the busi¬ 
ness, considering both the company and the consumer. 

(3) In the determination of reasonable rates for service the 
commissions, in addition to the ordinary operation and main¬ 
tenance expenses, take account of the capital invested, and 
capitalize the loss in interest covering the unproductive period 
during which the business was being established, and allow 
generally some capitalization of the going value of the business, 
the latter often being made up of a number of elements, some 
of which are difficult to determine with great exactness. The 
result is that rates are usually allowed liberally so as to leave 
no doubt of the above items, and quite generally when this is 
done there is no resort to the courts. The rate of return must, 
of course, depend on the risk, the character of the country, the 
stability of the business, and the economy of the manufacture 
of the power facilities. 

While a rate of return is generally allowed for the initial period 
of a company’s business, no extra return from business originat¬ 
ing on new extensions is generally allowed. The reluctance of 

* 

companies to make extensions into new territory is largely due 
to this fact. As a matter of fact, all extensions into new terri¬ 
tory should be treated as unprofitable for such period as is 
necessary for them to become paying, and a capitalization of 
the losses should be allowed the same as in the establishment 
of a new enterprise. 

The amount of time necessary for a business to become re- 
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munerative may vary from one to ten years, and generally if 
one can start and produce a paying enterprise in five years it 
may be considered a success. If the earnings comtnence at 
zero and become remunerative at the end of six vears, the 
loss in interest amounts to about 18 per cent of the investment. 
All unremunerative extensions should be treated in the saTiie 
way, with the result that from 10 to 20 per cent capitalization 
should be allowed on the total investment in order to promote 
extensions by the established companies. Otherwi.se tlic result 
will be, il no allowance is made for extensions, that the establi.shcd 
companies will not make extensions into new territory, hut these 
will be undertaken instead by new companies which will be al¬ 
lowed to capitalize the loss in interest at a higher rate than the 
established companies. Extensions into new districts arc; ex¬ 
tremely important, because we must not only consider those 

who enjoy the service, but those who would like to make u.se of 
the same service. 


As an example, I have a ranch located 35 miles from the near¬ 
est railroad point. The Southern Pacific Company surveycxl 
a line five years ago, but owing to general conditions has nevesr 
built the line. Now, a reduction of freight or passenger rate.s 
to the valley farmers is no help to me; in fact the reduction to 
e valley farmers may be one of the reasons I do not get rail- 
road semce. Moreover, I am not much concerned whether 
or no the rates to be charged me during the first ten years are 

vet it ’rr ^ ^ bonus to 

V 11 ’ j ^ district has as much available land as the Imperial 

a ley and can support a railroad, but I and the other farmers 

the mihotd to incentive for 

bUe railroad to go into new territory. 

the early companies risked large sums in the earlv staves 

of the electrical business and this should not be fos'^ ^ 

fixing rates at the oresent' tirr.^ u . • ^ 

comnanv at n-np -tim ^ ^ certain maiaufacturing 

facing it before it lldfit^ f $10,000,000 

The price at which tn h' ^ turbine a success. 

this mL? telhe^r- 

the pubEc g«s the benSt obtatnable, of which 

Tf tot. f “ benefit, makes the $10,000,000 insiimifiMrit 
If the manufacturers are entitled to somethin? for T’ 

L”»n '‘“•"“V “PPV “"ipwy that imtalL rTcZoat' 
.ns »i,nes to be replaced by tatbiaes entitled to 
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Or its risk? Usually we penalize the company and make it 
stand the loss on its books. Another manufacturing company 
stood to lose at one time about $500,000 before the induction 
motor was made a success. It is certainly entitled to a large 
^oturn for this risk, especially when we consider the enormous 
■value of the induction motor to the world. Similarly, the early 
transmission companies stood to lose the entire first invest- 
rrients made. And yet, in spite of the enormous value of this 
pioneer work, we hear many people who say there shall be a 
return only on the wise investment. Who is to judge what was 
^ wise investment in water power twenty years ago? 

(4) If all classes of service were of the same kind there would 
be little difficulty in arriving at rates that would satisfy the 
company and the public, but where the same service is used 
for various purposes, the rates for the service vary, the public 
IS confused and generally considers that it is being treated 
unjustly. For example, a man using electricity to light his 
residence pays a rate of say 10 cents per kilowatt-hour, but a 
naan who uses electric power to run an ice plant may get a rate 
of 1 cent per kilowatt-hour, and usually no amount of explana¬ 
tion will convince the man paying a rate of 10 cents that he is 
not being robbed. On the other hand, the man paying the 
1 - cent rate knows that he is getting only a fair rate and the power 
company is certain both of them are being treated fairly. Be¬ 
cause of the confusion that exists in the minds of the consumers, 
many power companies, especially those suppl 3 ring lighting to 
many eastern cities, do not encourage the use of electricity for 
power, because they believe the lighting consumers will think 
they should have the same rates, or at least lower rates than 
are warranted. As a matter of fact, a thorough understanding 
on the part of the consumer and the offering of the electric 
service for all purposes, especially for power, will result not 
in some reduction in rates to the lighting consumers, but 
what is much more important, the use of electricity for power 

will stimulate other industries and these will, of course, 
the community more prosperous. A prosperous commun- 
4*^3^ individual is never burdened by the lighting bill, as it is 
insignificant when measured in terms of the service received 
"ll^® general benefits derived by the community when it 
has an ample power supply available and used for all purposes. 

Electricity for lighting and power purposes cannot be stored 
Is-^ge Quantities, therefore the plant must at each instant 
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generate the total supply. The lighting consumer must, there¬ 
fore, have available all day the possibility of instant service, 
but he may only use the service to produce revenue for the 
company a few hours each evening. This is the usual explana¬ 
tion given for the higher rates charged for lighting, that is, that 
the lighting consumer uses the light only a few hours per day, 
whereas the power user’s service extends over the larger part 
of the day, and also the power consumer uses a much greater 
quantity. The revenue obtained from a consumer having a 
100-h.p. motor may be equal to that obtained from a hundred 
or two hundred lighting consumers, and herein lies the crux of 
the entire matter, but the consumer does not see it, so we will 
try another way of explanation. 

If, for example, the total of investment and operating expense 
to serve all the lighting consumers is equal to the total of invest¬ 
ment and operating expense to serve all the power consumers, 
then plainly the revenue derived from each class of service must 
be the same in order that each may bear its fair share of the 
expense of the service. In the average up-to-date light and 
power system the total energy, generally expressed in kilowatt- 
hours, consumed by the lighting consumers is very much less 
than the kilowatt-hours consumed by the power consumers. 
If the power consumers use five times as much as the lighting 
consumers, then, on the assumption that it costs as much to 
serve all the lighting consumers as it does all the power con¬ 
sumers, the rate per kilowatt-hour charged the lighting consu¬ 
mers must be five times as large as the rate charged the power 
consumer. Generally, however, especially when water power 
is available, and on account of the large cost of distifibution, 
the cost of ^ serving the lighting consumers is greater than the 
cost of serving the power consumers, so that a greater difference 
than five to one must exist in the rates for service. 

To use a parallel case for illustration, let us take the railroad 
^rvice and compare the cost of hauling passengers and freight. 
Transcontinental freight is hauled by the railroads from, the 
East to California at about $1.50 per 100 lb. To haul 300 lb., 
or about the weight to be hauled when one passenger and his 
is carried, will give the railroad a revenue of $4 50 
The revenue derived, however, for hauling a single passenger 
over this distance is more than ten times this amount, and yet 
the passenger only pays his fair share of the expense. Again, 
local freight is hauled at 1 cent and 2 cents per ton-mile, whereas 
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the passenger pays 2 to 3 cents per passenger-mile; that is, the 
passenger pays more to be hauled one mile than is charged to 
haul a ton of freight one mile. The classes of service and the 
basis of charge are here entirely different, hence there is no 
confusion in the minds of the public. 

Again, a railroad devotes, let us say for simplicity of explana¬ 
tion, one half the railroad investment and one half the operat¬ 
ing costs to freight service and the other half to passenger service. 
In that case plainly the freight revenue and passenger revenue 
must be equal in order to be equitable. But the railroad may 
haul 1,000,000,000 tons of freight at an average return of 1 cent 
per ton-mile, producing $10,000,000 in earnings, and only carry 
400,000,000 passengers one mile. Clearly, in order to produce 
the same revenue from the passenger as from the freight service, 
it must receive an average rate of 2| cents per passenger-mile. 
On a ton-mile basis in the illustration the passenger pays about 
twenty times the rate per ton-mile paid for the freight service. 
And yet there is no confusion in the minds of the public in this 
instance, mainly because the same unit of charge is not used. 
If the railroads attempted to put the passenger business on the 
same basis as the freight, that is, weigh the passenger and 
charge so much per ton-mile, as in the case of freight, the public 
would think it was being robbed, but as a matter of fact, the 
rates are equitable. 

As a matter of equity the passenger-mile rate for service is 
proper and logical and so is the ton-mile rate for freight. Pas¬ 
senger business is a personal service and paid for on a different 
unit basis and not on a ton-mile basis as freight is hauled. 

Now a similar difference exists in the lighting and power 
service which brings to the minds of the public the confusion 
as to the reason for the difference in rates for lighting and power. 

Plainly if, for illustration as before, we assume that the in¬ 
vestment cost and operation cOvSt of supplying energy for power 
consumers are the same as the cost for supplying the lighting 
consumers, it follows that the revenue derived from the two 
classes of business should be the same. But if the total energy 
consumed by the power consumers is five times that used by 
the lighting consumers, it is evident that the average rate charged 
per kilowatt-hour for lighting must be five times the average 
rate charged for power. That is, if the average rate for power 
is 1 cent per kilowatt-hour, the average rate for lighting must 
be 5 cents per kilowatt-hour. If the company sells 500,000,000 
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kw-hr. for power at an average rate of 1 cent, it will receive 
$5,000,000 in revenue. But if the amount of energy supplied 
for lighting is only 100,000,000 kw-hr. the charge must be 5 
cents per kilowatt-hour to produce the same revenue. 

Always, however, on account of the cost of distribution, the 

cost of the lighting service is much greater than the cost of the 

power service, and generally, therefore, we find the lighting 

rates about ten times the rates for power service. The total 

investment in the given case, for illustration, may be divided 
as follows: 


Investment for power consumers.$15,000,000 

“ hghting consumers, to substations.. 15,000,000 
lighting consumers, for distribution. 15,000,000 


u 


And the earnings necessary so that each may pay its fair 
share may be as follows; 

From . S3,000,000 

Prom lighting consumers, for distribution.. U ooo ooO 

Total to be earned 

The Lh^nrcT^'^^'*^ . 400,000,000 kw-hr. 

Ihe lighting consumers may use. 100,000,000 « 

r air rates would then be: 

For power consumers, charges to o^a 

substations. 300,000,OQQ cents 

^ 400,000,000 "" kw-hr. 

For lighting consumers, charges 

to substations. 300,000, qqq cents 

100,000,000 ~ ^ kw-hr. 

For lighting consumers, for distri- 

bution. 300,000,0 00 cents 

100,000,000 "" ^ kw-hr. 

This would make the total average rate tn tb r 
sumer 6 cents per kilowatt-hour and th. t t 
the power consumer ^ cent -i average rate to 

substation is 2 cents per kilowatt b the rate to the 

the above «.p““hth”lhe of ^ 

Stand, there is no use of the tA-r iisumer can under- 

PotsKfhtihj commetT^o ole dlitT 

U.SS of consumer. amount of energy used by each 
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It is seen, therefore, that the lighting consumer’s rate is much 
higher than the rate to the power consumer because: 

(1st) The investment and cost of operation to serve the 
lighting consumer are greater than the investment and cost of 
operation to serve the power consumer, and 

(2nd) Much more important, the total energy consumed by 
the power consumers is much greater than that used by the 
lighting consumers for the same peak demand. 

The confusion that exists in the case of the lighting rates 
comes from charging for the same unit of service. In the freight 
and passenger rates there is a natural difference in the method 
of charging, hence there is no confusion. In the lighting and 
power business there is no such natural method of charging a 
different unit rate. It has been occasionally urged to charge 
the power user on a sliding scale of charges, starting at the same 
rate charged the lighting consumer. If the power consumer 
made the same demands as the lighting consumer, his rate and 
total charge would be the same as the lighting consumer up to 
the substation. The scale of rates charged the power consumer 
would drop rapidly, in excess of this amount, and his average 
rate could be approximately the same as it would be under 
the ordinary power rate schedule. But there is objection to this 
on the part of the power consumer. It is believed, however, 
that until some form of schedule of rates or class rates is devised 
which strikes all consumers alike, there will be difficulty in 
educating the public as to the reason for the difference in the 
rates. It is believed that equitable ^'class rates” as herein de¬ 
scribed will remove the present misunderstanding. 

That low average power rates are necessary for low cost of 
lighting service cannot be questioned, just as low freight rates are 
necessary in order to obtain low passenger rates. If an attempt 
were made, for example, to raise the freight rates per ton to nearly 
equal the passenger rates, there would be no freight, no business, 
and consequently no money and no passengers. 

In the sanae way, low rates for power service are not only 
equitable, but absolutely necessary in these times in order 
to promote the industries of the communities. If we should at¬ 
tempt to raise the rates to the power consumers, the lighting 
consumers would soon disappear, as business would become 
stagnant, because in this modem day general power and low 
rates are necessary in order to make a prosperous community. 
Similarly, the reason for the difference in the ‘‘ class rates 
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for commercial and residence lighting may be explained. For 
example, in order that the commercial and residence lighting 
may pay equitable proportions, let 

Power earnings necessary for commercial lightings SI,000,000 
" “ residence " . ~ 2,000,000 

Distribution " " “ commercial “ . = 1,000,000 

" “ “ residence “ . = 2,000,000 

Suppose commercial consumers use 50,000,000 kw-hr. per year, 
and residence consumers use 50,000,000 “ “ “ 

From this we obtain: 

Average power charge, commercial. =2 cents per kw-hr. 

Average power charge, residence. =4 " “ “ 

Average distribution charge, commercial . = 2 " “ “ 

Average distribution charge, residence.... = 4 “ “ " 

Total average charge, commercial lighting. = 4 “ “ 

Total average charge, residence lighting. = 8 “ “ “ 

It will be noted that if the energy consumption is doubled the 
rate will be halved, if the total cost remains the same. There 
will be further differences between large and small commercial 
and residence business, but these can be taken into account in a 
sliding scale. In the same way there will be reason for class 
rates for certain kinds of power business, depending largely on size 
of plant and the hours during which power is consumed, and a 
sliding scale of rates for each class of business. 

The general method used in determining class rates for a sys¬ 
tem is as follows; Divide the total amount of money to be 
earned by the power and light class by the sum of the peak 
demands of the two classes. This gives the demand charge per 
kw. Multiply this demand charge by the peak demand of the 
class. This gives the total revenue to be earned by the class. 
Divide this revenue by the kilowatt-hours consumed by the class 
and we obtain the average class rate per kw-hr. An example of 
this will be given later, and in Pig. 1. 

The present general method of determining electric lighting rates 
is to begin at the consumer and add the cost of reading meter, 
billing, collecting, etc., to the distribution cost and to this add 
the cost of power. This is equivalent to what the railroads 
would do if they tried to determine passenger rates between two 
points by adding the cost of the sale of a ticket to the cost of the 
oil required to haul the passenger and to this then add the cost 
of passenger equipment and proportionate cost of the railroad 
system between the two points. This method is neceSwSarily 
su ject to errors and tends only to confuse, as it concentrates 
attention on the infinitesimal items. 
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Why is it not better to take all the passenger business and 
determine average class passenger rates for the entire system, 
by taking the entire cost of doing all the railroad business and 
dividing this cost among the various classes in proportion to the 
use of the facilities and operating expenses of the diiferent classes? 
Similarly, much more accurate and satisfactory results can, I 
believe, be obtained in determining electric rates by proportion¬ 
ing the earnings necessary to support the entire property be¬ 
tween the different classes. The total earnings necessary to 
support the property can be determined, and the proportionate 
use of the facilities can be readily determined accurately enough 
for practical purposes. With these facts and the kilowatt-hour 
consumption of the different classes known, very fair class rates 
may be determined. In no other way can I see any satisfactory 
solution of the rate question, so that the business in all its de¬ 
partments may be built up to the best advantage of all the classes 
of consumers. 

The present method is too much like trying to arrive at the 

cost of raising chickens by counting them before they are 

hatched.” ^ A safer and better way is to take the actual results 

of some chicken ranches over a long enough period of years, so 

that instead of trying to figure the luicertainties and hazards of 

each item of the business, they are all summed in the balance 
sheet. 

As we have seen, the cost of railroad service per passenger- 
mile bears only the remotest relation to the cost per ton-mile 
for freight, and in a degree the same difference exists between 
residence lighting and power. Also, the cost of hauling a 
car of nails is about the same as a car of transformers, but the 
rate on nails is and must be lower for two reasons, (1) there are 
more nails hauled, and (2) the value of the service is greater in 
hauling a car of transformers than in hauling a car of nails. 
To get the nail business at all, the nails must be hauled at a 
lower rate, and the fact that they bring in revenue in excess of 
the cost, makes it possible to haul the transformers at a lower 
rate than could be done if the rates on nails were raised. 

Similarly, the cost of electric lighting bears only the remotest 
relation to the cost of supplying power. Again, the cost of sup- 
plying power service to a sawmill or a planing mill must be lower 
than for supplying another class of factory. First, because the 
planing mill man insists that if he gives us his power load he 
must make some profit, and we must therefore furnish him cheap 
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power or we do not get his business at all. Second, if w^e do 
not get the planing-mill business, although it may not be as 
profitable as some other lines of business, we must increase the 
rates to the other users in order to make up the revenue necessary 
to support the property. Hence it is generally to the advantage 
of the other power consumers that the company take on low 
class power consumers, if this business pays more than the 
operating expense and serves to reduce rates in general. Three 
things must be kept in mind regarding any new business: 

First—Some profit must be made for the consumer in order 
to get the business. 

Second—Some profit must be made for the company. 

Third—The tendency of the business taken on must be such 
as to cause a general lowering in rates as volume of business in¬ 
creases. 

The early electric companies were organized to supply lighting. 
It was soon recognized that the plant could take on day power, 
and increase the net revenue, which meant of course that the 
investment was more efficiently used. As a result of the power 
business the rates for lighting have been materially reduced. 

If some industry, for example, could be established to use the 
power service from say 12 p.m. to 7 a.m., very low rates indeed 
could be made to get this business. Any revenue added over 
operating expense would be so much revenue which could be sub¬ 
tracted from the charges to other consumers, hence, even though 
this business had to be taken at less than one-half cent per kilo¬ 
watt-hour, it would, from the standpoint of all consumers, be 
very profitable business for the company, as the earnings would 
be largely added to the surplus. 

The initiation of the low-price night letters by the telegraph 
companies is an example of additions to the volume of business 
with the same equipment, tending to reduce the cost of tele¬ 
graphic service generally. 

An example will probably make this plain, although it is 
quite elementary to the managers of utility properties. As¬ 
sume that we have installed a water power plant having a 
normal capacity of 10,000 kw., and that it has cost, including 
transmission line and substation, $2,500,000. To make the 
example as simple as possible we will assume that the company 
contracts to supply the lighting of a city wholesale, so that the 
company shall earn 8 per cent on its investment in addition to 
the operation, depreciation and maintenance charges, etc. The 
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total annual consumption is, say, 15,000,000 kw-hr. The con¬ 
sumer agrees to pay 10 per cent in excess of the rate determined 
from costs in order to have a margin of safety. 

Then for the cost of service we have: 


Interest. 8 per cent = $200,000 

Depreciation.1.5 per cent 

Maintenance.1.5 “ 

Taxes and Insurance.1.0 “ 4 " 100,000 


Total.. 

Operation and management. 


12 per cent $300,000 

150,000 


$450,000 


Cost per kw-hr. 


45,000,000 cents 
15,000,000 kw-hr. 


3 cents per kw-hr. 


Adding 10 per cent for safety margin = 3.3 


There is a daytime power load of 45,000,000 kw-hr. annually, 
available in the same town, that can be supplied from the same 
substation, with the same power plant and transmission system. 
However, in order to make a rate attractive enough to get the 
power load, it is agreed that the power consumer shall pay 
only 6 per cent on one-half the investment, which necessitates that 
the lighting consumer pay 10 per cent. Each consumer agrees 
to pay 10 per cent in excess of the rate determined from absolute 
costs in order to have a margin of safety. The costs then 
chargeable to the lighting consumer will be; 


Interest. 10 per cent of one-half investment, $125,000 

Depreciation ....1.5 per cent 
Maintenance. ...1.5 " 

Taxes, ins., etc. . 1.0 " 4 “ “ " « 50,000 


Total. 14 « $175,000 


One-half operation and management cost. 75,000 

Total charge to lighting consumer.$250,000 

. It. 25,000,000 cents 

Cost per kw-hr. = .yy, “-vi-= 1.66 cent per kw-hr. 

15,000,000 kw-hr. 


With 10 per cent added as margin of safety, rate = 1.836 cent per kw-hr. 

The result to the lighting consumer is to reduce the rate 
from 3.3 cents to 1.836 cent per kw-hr., in spite of the fact that 
his interest rate has been increased from 8 per cent to 10 per cent. 
The rate to the power consumer will be: 
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Interest. 

Depreciation ,...1.5 per cent 
Maintenance ....1.5 " 

Taxes and ins... 1.0 “ 


6 per cent of one-half investment $75,000 


4 " « " " 50,000 


Total. 10 

One-half operation and management cost. . 


$125,000 

75,000 


Cost to power consumer per kw-hr. =»= 


$ 200,000 


20,000,000 cents 
45,000,000 kw-hr. 


0.444 cent per kw-hr. 


10 per cent added for safety margin gives rate = 0.4888 cent per kw-hr. 

If now a consumer could be found to take the power from 12 
p.m. to 6 a.m., when the other two consumers are not using it, 
a rate could be made by which his interest charge could be less 
than 6 per cent and still both the other consumers would benefit, 
as the operation charges would be increased very little. 

Except for the cost of water storage, which should be appor¬ 
tioned to kw-hr. output, all charges on a water power plant 
are demand charges and should be apportioned to peak demands 
of power and light classes. 

Let us take now a typical case as applying to the above plant. 
The load curve in Fig. 1 may be assumed to represent such a case. 
Here we have the peak demand of the lighting class equal to 
7500 kw. and the peak demand of the power class of 7300 kw. 
As a result the yearly charges of $450,000 are spread over 
7300 + 7500 = 14,800 kw., instead of being spread over the 
11,000 kw. of the total peak. As a result the yearly demand 
charges are reduced from 


450,000 

11,000 


$41 (practically) to 


450,000 

14,800 


= $30.50 


or the demand charges are reduced practically to 75 per cent 
of what they would be if there were only one class of consumers. 
This shows the advantage of the diversity factor 1.35. Now 
charge each class in proportion to class peak demand (see cal¬ 
culations in Fig. 1). As a result the light consumers pay 
7500 X $30.50 = $228,750 of the total and the power consumers 
pay 7300 X $30.50 = $221,250 for power at the substation. 

The average charge for lighting is 


22,875,000 cents __ 
15,000,000 kw-hr. 

gives 1.67 cent per kw-hr. 


1.52 cent, and adding 10 per cent 
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Similarly, the average power charge is 
22,125,000 cents ^ 

45,000,000 kw-hr, “ adding 10 per cent gives 

0.539 cent per kw-hr. 

Here we see the effect of the load factors—the lighting load 
factor being only 22.6 per cent, while the power load factor is 



70.5 per cent. The average load factor is 62.5 per cent. Without 
the power consumer the rate to the lighting consumer would be 


45,000,000 cents 
15,000,000 kw-hr. 


= 3 cents, and adding 10 per cent gives 3.3 


cents; or, in other words, the lighting rate is reduced nearly 
one-half. Without the lighting consumer the power rate would 
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be 1.1 cent. The mutual benefit is clearly shown by the example. 

The following table shows the effect of the power load in re¬ 
ducing the charges to the lighting consumer. 






Proportionate charges 

Case 

Total peak 

Light peak 

Power peak 

Light 

Power 

A 

10,000 

7,500 

2,500 

75 per cent 

25 per cent 

B 

10,000 

7,500 

5,000 

60 « 

40 “ 

C 

10,000 

7,500 

7,500 

50 

50 


The lighting consumer pays 100 per cent of all power charges 


if there are no other consumers, but by the addition of power 
consumers the lighting charges for power at the substation may 
be practically reduced one-half. From the substation to the 
consumer, of course, each class of consumer must bear its share 
of the additional expense. 

There will be further differences of rates to different classes of 
lighting and power consumers, but the application of the piinciple 
is the same as in the above case. For the power consumers we 
start with the total amount to be earned by all the power con¬ 
sumers and by proportioning these charges according to the 
demands of the class, the total charge to the class is detennined, 
and from the kilowatt-hours consumed by the class its average 
rate is determined. The method is believed to be scientific 
and can be made fair to all consumers under any circumstancCvS. 

In applying this method to a steam plant, all demand charges, 
that is, all plant investment and operation, would be proportioned 
to peak demand of power and light, and fuel and water only be 

charged as energy and proportioned to kilowatt-hour consumption 
of the two classes. 

The following would be a somewhat logical arrangement of 
class rates: 


Class 
1 .. 
2 .. 

3 .. 

4 .. 

5 .. 

6 .. 
7 .. 
8 . . 
0 . . 

10 . . 


Kind of service 
Residence lighting 

Commercial lighting, electric heating, etc. 
Street lighting 

Industrial power or day power 
Power (24-hour). 

Power (railway). 

Power (irrigation) 

Power (reclamation) 

Power (off-peak) 

Power (10 p.m. to 6 a.m.) 
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It is not intended in this paper to go into the question of the 
proper rates under each class, but rather to limit the paper to 
a discussion of the general principles of class rates in such a 
way as to make clear to the consumer and the investor the 
necessity and justification for such rates, to the end that there 
will be a better understanding of the electrical business as an 
extremely important part of the economic development of any 
community. 

The principle at the bottom of all rates is to make the plant 
earn all it can during every hour of the day so that the burden 
of the investment may be distributed. That is, to make the 
rates within the reach of the lighting consumer, it is necessary 
to make low power rates in order to distribute the charges over 
as many kilowatt-hours as possible. 

The same principles apply to nearly all public utilities. As a 
precedent for rates of this kind we have the railroad, telegraph, 
express, and postal rates. 

Generally the power service requires a steam reserve plant 
for service insrirance, and usually, during periods of low water, 
storage water must be used and the steam reserve plant must 
be operated part of the time. It is evident that the cost of oil 
for the steam reserve and the cost of water storage, both rep¬ 
resenting energy, should be apportioned to the kilowatt-hours 
consumed by each class. In general the total charges for power 
delivered to substations are made up in two items: 

First: Demand charges, which should include interest, main¬ 
tenance, depreciation, operation and management. 

Second: Energy charges, which should include oil and water 
for steam reserve plant and the cost of storage water, as these 
are the only items that should be proportioned to kilowatt- 
hours output. 

The total charges above would be divided for light and power 
classes into demand and energy charges, as follows: 

Light class demand charge = 

total demand charge X light peak 
light peak + power peak 

Power class demand charge = 

total demand charge X power pe ak 
light peak + power peak 
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Light energy charge = 

total energy charge X light kw-hr. 
light kw"hr. + power kw-hr. 

Power energy charge = 


total energy charge X power kw-hr. 
light kw-hr. -f power kw-hr. 


Without taking into account the fact that it is the lighting 
consumer who demands most the service insurance of the steam 
reserve and who uses the steam reserve inefficiently because it 
is only used a few hours per day, let us make a few general 
figures to see what the steam reserve adds to the energy costs 
of the two classes over those shown by the example in Fig. 1. 

Let us assume that the low-water period is three months, or 
one quarter of the total kilowatt-hours must be supplied by 
steam power or its equivalent storage water. Let us assume 
the cost of oil and water for the steam reserve plant at 0.4 ctmt 
per kw-hr. and allow the same per kw^-hr. for the storage water. 
Then 15,000,000 kw-hr., or one quarter of the total, must comt? 
from storage water or steam power, making a total of $60,00() 
per year. This will add 0.1 cent per kw^-hr. to the total and 
to each class of consumers’ rates, the final rate then IxJng 
1.77 cent for the lighting and 0.639 cent for the powaT. 

Adding this 0.1 cent per kw-hr., the average rate for power at 
the substation in the above example is: 


45,000,000 cents 
60,000,000 


+ 0.1 cent = 0.75 


+ 0.1 =0.85 cent, and adding 


the 10 per cent for margin of safety, the average rate is 0.935 
cent per kw-hr. The average fair lighting rate is, however, 
1.77 and the average fair power rate is 0.639 cent. 

It is seen, therefore, that the lighting rate is nearly double 
the average, and the power rate about one-third less than the 
average rate. It is fallacious, therefore, to apply the average 
rate for a system to the different classes of consumers, or to 
different districts or towns. Each class, town or district gets 
the advantage of the diversity factor (usually about 1.3) for the 
system, but the rates for the class, town or district should be 
determined by the method here used. 

If a town, for example, has a lighting peak of 100 kw., the 
■lighting consumers in that town must pay of the total paid 
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by all the lighting consumers on the system. The rate per kilo¬ 
watt-hour for the town will be determined by dividing the total 
to be paid by the kdowatt-honrs consumed, and therefore the 
rate per Idlowatt-hour depends on the consumers themselves, 
that is, on how much they consume. 

As a check on the above average lighting cost of power, let us 
see what the average cost of power for the residence lighting 
would be if supplied by a steam plant. The residence lighting 
xnay be taken to extend four hours per day and the following 
figures, then, are taken from Fig. 1. 


Peak load steam plant. 

Average load ^ “ 4 hours.... 

Average load “ “ 24 hours.... 

Kw-hr. per year, 220 X 8760 - 

Cost of plant.... 

Interest. 

Maintenance and depreciation.... 
Operation and management, etc. .. 


2,000 kw. 
1,320 " 

220 " 
1,927,200 
$200,000.00 

8 per cent 

4.5 " “ 

2.5 “ “ 


Total cost. 15 per cent = $30,000.00 

Energy cost for fuel and water 
only, 0.5 cent per kw-hr. « 

1,927,200 X 0.005 = 9,636.00 


Total cost per year.. . 

3,963,600 cents 

Cost per kw-hr. = — = 

^ 1,927,200 kw-hr. 

Demand cost... 

Energy cost. 


2.05 cents 

1.55 cent 
0.50 


$39,636.00 


2.05 cents 

The cost of supplying power, therefore, to the residence light¬ 
ing, will probably average 2 cents per kw-hr. A sliding scale 
would take care of differences in the individual lighting rate. 

The steam plant capacity to take care of the four-hour peak is 
2000 kw. or 20 per cent of the entire plant. The kilowatt-hours 
output is, however, only 3.2 per cent of the total output and only 
12.8 per cent of the total lighting load. This brings out clearly 
the reason for the high unit cost for the consumer taking only a 
small amount of energy for lighting for about four hours per day. 

It is generally known that the railroads prefer the freight to 
the passenger business, but it Is not so generally known that 
the power companies, at least those having water power, prefer 
power business to lighting business. And again, commercial 
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business is generally more attractive than residence business. 
This is evidenced by the fact that certain companies confine 
their operations to the commercial districts. One of the reasons 
for this condition is the large amount of capital necessary to 
serve the small consumer. 

Thus it is seen that the attractiveness of the business really 
varies almost inversely as the rate per kilowatt-hour charged, 
which is directly contrary to public opinion. 

In practise, the difficulty of determining average equitable 
class rates need not be serious. The most important item is 
the amount of power consumed by each class, and this can be 
determined; the item of the maximum demand of each class or 
the proportionate cost to be charged to each class of business 
cannot be so accurately determined, but if an error of 10 per 
cent were made in the example of power and light cost to sub¬ 
stations, it would, say, increase the power rates from 0.75 to 
0.825 cent, and reduce the lighting rates from 6 to 5.7 cents. 
An error of 10 per cent in the annual cost of operation would 
mean an error of $300,000 added to one class and subtracted 
from the other. The total amount of revenue to be earned can 
readily be determined, and, if we get the class rates within 10 

per cent of the correct amount, there should be no serious com¬ 
plaint. 


It is a cut-and-try method, but past practise has already 
largely determined class rates. The main thing is to have class 
rates that will develop the business and that will give consumers 
the right idea of the cost of their class of business, and not have 
the lighting consumer confused by having his mind on the power 

rate for an entirely different class of business and supposing that 
this rate should apply to him. 

(5) To get the best results for the company and the con¬ 
sumer, some plan must ultimately be worked out to make an 
incentive for the company to reduce the cost of the service. 
At the present time a company may have an obsolete and in¬ 
efficient engine plant in operation. This stands on the books 
at say, $50,000. If this unit is replaced by a modern turSL 

—II il ^ ^ I ’I* 1 wipe off from the 

cost of the service is decreased, but generally the effect of this 
on the company is to have its rates cut. The company has then 
rep aced an old^ engine by a modem one giving better service 
and as a result it has its rates reduced. Of course this state of 
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affairs does not tend to give the lowest cost of the service, as 
there is no incentive for the company to improve and reduce 
the cost of the service. To the credit of most of the large com¬ 
panies it can be said, however, that they have made improve¬ 
ments in spite of this handicap, but the small company generally 
cannot finance the new improvements. 

Again, a community is to be served with electric power. 
Two plans are feasible, one a local steam turbine plant, the other 
electric power developed in the mountains and brought to the 
community by many miles of transmission. The steam power 
development will cost about one-half the hydroelectric, but the 
cost of service to the community will be higher if steam power 
is used. In either case, under present conditions, earnings on 
the investment are the same percentage. Why, then, go to 
the mountains and work several years acquiring property, 
making surveys, getting rights-of-way from a thousand or more 
owners, if the result to the promoting company is only the 
additional burden of raising the added amount of capital re¬ 
quired—and the consumer gets lower rates? 

Of course, under the conditions, there will be only a limited 
amount of water power developed. To make the water power 
development attractive there must be an allowance made to 
produce the incentive to make the water power development. 
This can be done by an allowance for value of water rights or 
by allowing a higher rate of return on the investment in water 
power and the electric transmission of this power to the com¬ 
munity. 

Economy in construction and operation is much more import¬ 
ant than ordinarily assumed, and a company able to get these 
results should be encouraged. A high-class organization is as 
necessary as a high-class power system in order to give efficient 
service. The standard of the business must, therefore, be such 
as to attract high-class men to the service, and the ability of 
the company to obtain money must be such as to make it the 
aggressor in making economies and in obtaining new business. 

It costs money to get together a high-class organization and 
it costs money and energy to keep it together and working effi¬ 
ciently. Different organizations may easily make a difference 
of 25 to 75 per cent in the cost of construction, and a difference 
of 5 to 25 per cent in the cost of operation. 

It should also be remembered that economy of financing is 
one of the important elements in low cost of operation. If, 
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through lack of confidence on the part of investors, money can¬ 
not be had on reasonable terms, the cost of the service must 
increase. 

The relative value of men to society cannot be expressed as 
any function of their length, breadth, and thickness, but their 
value is a function of the saneness and fertility of their imagina¬ 
tion, of the confidence inspired by their honesty and ability, 
and of the results accomplished by their energy and enthusiasm. 
Similarly, the value of a utility to a community is not capable 
of full determination by measurement of physical dimensions 
of structures and the classification of materials, and the fixing 
of unit prices, and the use of an adding machine. The highest 
dam or the largest area of reservoir, the longest canal or the 
longest transmission, do not necessarily give the best power 
system. The cost of a thing does not measure its value. The 
boy who spends most money at college does not get the most 
education. Cashable ideas are not purchased by the pound 
or cubic yard. 

The value of a system is measured by what it does when com¬ 
pared with some other system, and by what the system does for 
the general good of the community. And what the system does 
for the general good depends on the ability and honesty of those 
directing the work, and on the imagination, ability, confidence 
and the enthusiasm with which the work is done. 

To promote the eagerness and ability, on the part of the con¬ 
sumer and the company, which is necessary for the best interests 
of the business, we see, therefore, that ability, brains, confi¬ 
dence, and large experience are necessary, and we cannot get 
the same results by replacing these with ambition, brag, conceit, 
and by jumping at conclusions derived from wrong premises 
and without the test of experience. 

All of which, and more, is expressed by the axiom at the be¬ 
ginning of this paper, The best control of a public utility is 
that which develops an eagerness and ability on the part of the 
company to furnish the service, and an equal eagerness and 
ability on the part of the consumer to purchase the service.” 

Conclusion 

It is believed that the success of the electric power bUwSiness 
depends upon developing a diversified load. To obtain a diver¬ 
sified load it is necessary to have ''class rates,” in order that the 
power business may be developed parallel with the lighting. 
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Class rates, as determined by the method described in this 
paper, it is believed, are equitable to all consumers and will 
result in the lowest rates to all consumers as business is developed. 

The eagerness and ability which it is desirable to create on 
the part of the public utility company and the consumer, then, 
primarily depend upon two things: 

(1) Liberal rates of return on investment so that the com¬ 
panies will make extensions and economies. 

(2) Class rates determined by the method herein outlined, 
applied to develop all the possibilities of the business; and 
uniform class rates are necessary to build up diversified busi¬ 
ness-, to give the lowest stable rates to all consumers, andfto form 
an incentive to the companies to reduce financing, construction 
and operation costs. 

It is believed that the application of the above will result 
in ^'an eagerness and ability on the part of the company to 
furnish the service and an equal eagerness and ability on the 
part of the consumer to purchase the service,” and it is con¬ 
fidently believed that this will result '‘to the best interests of 
the business,” considering the company, the consumer and 
the community as a whole. If it does that, as it is confidently 
believed it will, there will result "the best control of public 
utilities.” 
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THE CHARACTERISTICS OF ELECTRIC MOTORS 
INVOLVED IN THEIR APPLICATION 


BY D. B. RUSHMORE 


Abstract of Paper 

Industrial power ^ork in the electrical field consists pri- 
rnarily in s-pplying electric motors to the driving of various kinds 
of machinery. The machines to be driven possess character¬ 
istics of different kinds and are run on duty cycles which are 
often peculiar to the classes of industry involved. Genei*ally 
the characteristics of the machine to be driven are fixed and 
the class of motor suitable for this work must be selected with 
regard to these features. 

Motors themselves are adapted to the work of driving ma¬ 
chines largely through various forms of controllers. A study 
of the characteristics of various classes of electric motors in 
the light of t eir adaptability to the requirements of the work 
to be done and a review of certain limitations and mechanical 
considerations is the object of the paper. 


Evolution of the Electric Motor 

^TEARLY one hundred years have elapsed since A. M. Ampere 
announced his discovery of the dynamic action between 
conductors conveying electric currents, this being shortly 
followed by Michael Faraday's discovery of the principles of 
electromagnetic induction, which laid the foundation for all 
subsequent inventions leading to the production of electro¬ 
magnetic or dynamo-electric machines. Actual industrial motor 
applications were tried out as early as 1858, the current being 
obtained from batteries, but it was not until 1873 that the 
reversible action of the dynamo was discovered by Messrs. 
Gramme and Fontaine at the Vienna Exposition. 

The polyphase induction motor was invented independently 
by Tesla and Ferraris during the period of 1885-88, and the 
development of this type of motor has been astonishing. When 
only a few years ago it was built in sizes of comparatively mod¬ 
erate capacity, we now find units in capacities of 6500 horse 
power. 
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Statistics 

The enormous increase which has taken place during past 
years in the application of electric motors for driving industrial 
machinery, is best illustrated by a reference to the U. S. Census 
Reports given in Tables I and II. 


TABLE I 

Electric Motors in Manufacturing 



1899 

1904 

1909 

Run by lented power. 

182,562 h.p. 

441,589 h. p. 

1,749,031 h.p. 

Run by power generated by establish- 




ment. 

310,374 

1,150,886 

3,068,109 

Total horse power. 

492,936 

1,592,475 

4,817,140 


TABLE H 


Electric Motors in Leading Industries 



1899 

. 

1904 

i 

1909 

Agricultural implements... 

7,643 

20,713 

38,906 

Automobiles. 


4,229 

41,829 

Car and railroad repair shops. 

4,563 

52,635 

161,288 

Cement. 


35,292 

158,749 

Cotton goods. 

17,594 

67,139 

235,902 

Electrical machinery. 

24,256 

61,753 

164,540 

Foundry and machine shops. 

54,907 

199,625 

623,914 

Iron—steel, blast furnaces. 

8,693 ' 

52,610 

135,143 

Iron—steel, steel works and rolling 




mills. 

64,658 

254,258 

716,609 

Lumber and timber products. 

11,315 

33,517 

130,707 

Paper and wood pulp. 

2,814 

31,604 

130,120 

Printing and publishing. 

41,413 

93,219 

229,312 


TABLE III 


Primary Power 



1899 

1904 

1909 

Owned 




Steam. 

8,139,579 

10,825,348 

14,202,137 

Gas. 

134,742 

289,423 

754,083 

Water. 

1,454,112 

1,641,949 

1,807,144 

Other. 

49,985 

98,085 

44,742 

Rented . 

319,475 

632,902 

1,872.670 

'I'ctal horse power. 

10,097,893 

13,487,707 

18,680,776 

1 
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It is thus seen that at the end of the 10-year period 1899-1909 
the use of motors had increased to ten times what it was at the 
beginning of this period, while in certain industries the increase 
was even greater. This enormous rate is even more apparent 
by a reference to Table III, which gives the increase in the primary 
power used, this being not quite doubled during this period. 

Advantages of Electric Motor Drive 

In general, the use of electric motors for driving industrial 
machinery offers the same advantages for all kinds of applica¬ 
tions, the distinctly important features being a decreased power 
consumption and an increased production for a given equipment. 

Among the features which aid in bringing about this condition 
are: 

Centralized power supply. 

Simplicity of power transmission and distribution. 

Machinery may be conveniently located with reference to 
pioduction rather than to the power transmitting system. 

Changes can easily be made. 

Reduced friction losses and thus increased efficiency. 

Cleanliness and better light due to the absence of the large 
number of belts. 

Leas danger of accidents. 

Better reliability of operation. 

Wide choice of motors as to size, mechanical design and 
operating characteristics. 

Perfect control, including readiness of starting and stopping 
and making close, speed adjustments. 

Remote and automatic control. 

The operations may be closely studied by means of recording 
devices and tests can readily be made. 

Economy in time. 

Ability to operate any portion of a factory at any time with 
a power consumption approximately proportional to the work 

done. 

Etc., etc. 

Applications 

The application of a motor to a certain machine involves 
not only a careful study of the conditions under which the ma¬ 
chine is to operate, but also of the characteristics of the motor 
to be applied to it. The former includes a full knowledge of 
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the duty cycle, the method of drive and the conditions of the 
location, while the latter covers the important features relating 
to the operation of the motor itself, including the advantages 
and limitations of each type. 

Classification 

Motors may be clas.sified according to type, speed, mechan¬ 
ical features, etc. The types include: 

Direct Current. 

Series. 

Senes-Shunt, 

Shunt. 

Compound. 

Differential. 

Alternating Current (single-phase and ])olyphase). 

Synchronous. 

Synchronous-Induction. 

Induction. 

Phase-Wound. 

Squirrel-Cage. 

Commutator. 

Series Characteristics. 

Shunt Characteristics. 

Compound Characteristics.. 

Rating 

In order to correspond as closely as possible to the duty cycle, 
motors are given different ratings, and the three principal kinds 
of service which motors are required to meet are: 

1st: Continuous duty, where the load is practically constant 
over long periods of time. 

2nd: Cycle duty, in which a definite cycle repeats itself with 
more or less regularity, the machine stopping after each cycle. 

3rd: Varying load duty,in which more or less definite cycles 
are repeated, but the motor runs continuously. 

These last two ratings, for convenience, are combined into 
a short-time rating and the rating thus derived is simply a cali¬ 
bration of the motor for its particular service, and this refers 
particularly to heating. The other limitations, such as the 
commutation and mechanical strength of the heavier part of 
the cycle, have to be chosen from the duty which the motor is 
to perform. • 
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Limitations 

The principal limitations in the rating of motors are: 

Mechanical strength. 

Heating. 

Commutation. 

Regulation. 

Efficiency. 

The length of life of the brushes and commutator depends, 
of course, on the quality of commutation, and for continuous- 
duty service this should be the best possible. On short-time 
rated motors some sparking may be permitted without seriously 
shortening the life of the machine or requiring frequent renewals. 
Such cases are where the peaks come few and far between, so 
that the commutator and brushes may have time to convalesce 
between such sparking periods, due to polishing. 

With a geared machine which automatically starts, stops or 
reverses after a predetermined number of revolutions, such as 
on planers, etc., the sparking will, however, always occur on 
the same segments of the commutator, and under this condition 
sparkless commutation must be maintained on all peaks, or 
serious deterioration will take place. 

Regulation is a more or less important factor in some appli¬ 
cations, and for such drives as paper machines, cutting tools, 
etc., it may be the limiting feature. 

The efficiency of continuous-running apparatus is also usually 
of great importance, while on many types of cycle-duty opera¬ 
tion it is of secondary importance, and oftentimes it need not be 
considered at all. In cases where a motor runs practically all 
of the time on armature control, or where starting torque and 
running for a few seconds is the only requirement of the motor, 
such as a valve motor, the efficiency can be neglected. As a 
matter of fact, were the motor solely designed for efficiency it 
would be detrimental, as it would run up the first cost, weight 
and dimensions with no adequate return. 

In general, the power factor of motors need only be considered 
from the dollars and cents standpoint of supplying current to 
the motor. While, in general, motors of high power factor are 
desirable, it is advisable in many cases, and often necessary, to 
sacrifice power factor for other characteristics for.a successful 
drive. 
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Speed Classification 

Motors are often also classified with reference to their speed 
characteristics, as follows: 

Constant speed: covering cases where the speed is constant 
or varies only slightly. 

Adjustable speed: covering cases where the speed may be 
varied over a considerable range, but when once fixed remains 
at this value, independent of the load changes. 

Varying Speed: covering cases where the speed changes with 
the load, usually decreasing as the load increases. 

Multi-speed: covering cases where several distinct speeds 
may be obtained (two-speed; three-speed) by changing the con¬ 
nections of the windings or other means. 

Characteristic Curves 

« 

The characteristic curves of different motors must be studied 
with a view to the application of motors of the proper character¬ 
istics chosen to meet various conditions. The torque, start¬ 
ing, running, maximum, may be required to be of very high values 
in all three, or any one, or any combination. Certain classes 
of machinery, for example, must have very high starting torque 
but the running torque may be low, or vice versa. 

The characteristic curves usually cover: 

Torque (starting, running, maximum). 

Current (starting, running, maximum). 

Efficiency. 

Power factor. 

Speed regulation. 

Phase characteristics (for synchronous motors). 

Mechanical Considerations 

According to their mechanical features motors may be classi¬ 
fied as follows: 

Open. 

Mechanically protected. 

Semi-enclosed. 

Totally enclosed. 

Enclosed externally ventilated. 

Enclosed self-ventilated. 

Moisture-proof. 

Splash- and waterproof. 

Acid-proof. 

Submergible. 
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It is important to know the conditions of location of the 
motor in order to determine the proper kind of insulation to 
use. Standard motors are provided with insulation suitable 
even when motors are operated under conditions of slight 
moisture. In addition, there are a number of special insulations 
which are to be used under abnormal conditions, such as: 

When windings are exposed to moisture in excess of that for 
which standard insulation is designed. 

For extreme tropical conditions and for use in very hot 
rooms filled with steam. 

When windings are exposed to weak acid or alkaline vapors, 
excessive alkaline dust, etc. No insulation can, however, as 
a rule withstand strong acid or alkaline fumes. 

When windings are run under conditions which will cause 
heating somewhat above normal. 

When the windings are subject to very high temperatures. 

Motors may be of the horizontal or vertical type and con¬ 
nected to the machinery either directly or through belt, chain, 
rope, gear or friction drives. 

The bearings may be of the ordinary journal type, either 
babbitted or lined with metaline as in cases where the lubrication 
is liable to be neglected. Of late years the use of roller and ball 
bearings has also increased rapidly. 

Operating Features 

From the operating point of view there is a large number 
of features which must be considered in connection with motor 
applications. Some of these are as follows: 

Use of flywheels. 

Stability of operation (motors dropping out of step because 
of short circuits in system). 

Effect of voltage variation. 

Effect of frequency variation. 

Effect of wave form variation. 

Effect of unbalancing of phase voltages. 

Single-phase operation on three-phase circuits. 

Limitations of throwing motors directly on line. 

Effect on generating stations, lines and system in general 
when connecting motors in service. 

Reversible service requires motors with small flywheel effect. 

Phase advancement for improvement of power factor. 
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Discussion on “ The Characteristics of Electric Motors 
Involved in Their Application” (Rushmore), New 
York, February 17, 1915. 


The Direct-Current Motor in Industrial Applications 

A. C. Lanier: In the field of industrial motor applications 
the direct-current motor has been an important factor. The 
inception of the induction motor, together with the extension 
of the alternating-current systems of power generation and dis¬ 
tribution, seemingly menaced at one time the position of the 
direct-current ^ motor and has limited somewhat its extension 
in the industrial field. Competition from this source, however, 
has tended rather to define sharply the peculiar characteristics and 
advantages of each motor or system and to direct the growth 
of each along the most effective lines. In this selective growth, 
the extreme flexibility of the direct-current motor and its wide 
range of operating characteristics has offset to an extent the 
advantages of simplicity, lower first cost, and lighter weight of 
the induction motor and the considerable advantage in economy 
and flexibility of the distributing system of which it forms a part. 

In industrial motor applications, there is a desired result to 
be c^tained from the equipment as a whole, the useful output 
01 the tool or appliance, in terms of which its effectiveness is 
m^^sured. In ^ many cases, this output requirement varies 
widely for a given appliance, and often is not definitely de¬ 
terminable. In addition also to the useful work or output of 
the tool, energy is consumed in friction losses of the trans¬ 
mission and tool, in accelerating and retarding the masses 
of the ^equipment and the motor, in addition to the ordinary 
operating losses in the motor itself. 

. adequate consideration of direct-current motors in 

industrial work, attention must be directed both to the charac¬ 
teristics of the motor, and to load requirements of the more 
important applications in which such motors are used. 

Among the more important characteristics and limitations 
01 the direct-current motor must be considered the speed- 
+ relations, commutation, inertia or speed-time, 

s ability, heating and ventilation, efficiency and losses, and 
constructive features. 

Load characteristics met with in industrial applications may 
be given a general grouping as follows: 


(1) Constant Non-reversing 

output reversing 

(2) Varying Non-reversing 

output reversing 


(3) Constant 
torque 


Non-reversing 

reversing 


Continuous Constant speed 

Adjustable “ 

Continuous Constant speed 

Intermittent Varying “ 

Adjustable " 

Continuous Speed constant 
Intermittent With armature 

control 

Adjustable speed 
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Speed-Torque Characteristics: With respect to the relation of 
speed and torque to output, motors are grouped into four 
classes: constant-speed, multi-speed, adjustable-speed, and 
varying-speed. 

The constant-speed motor is one in which the speed varies 
only slightly or not at all with change in load. The shunt- 
wound motor represents this type amiong direct-current ma¬ 
chines. Its speed curve droops slightly with increase in load 
as indicated in curve A, Fig. 1; torque values increase a little 
more than directly as the output, curve A'^ Fig. 1. A shunt- 
wound motor through its relatively fiat speed curve and pro¬ 
portional torque output relation finds use in applications not 
subject to widely varying torque demands, and where change 
in load should be accompanied by negligible change in speed. 



Line shaft and group drive, centrifugal pumps, and numerous 
other similar applications make such demands. 

The multi-speed. motor is one which may be operated at 
several distinct speeds, the speeds being independent of the 
load. Such results could be obtained from a motor with double 
armature winding, from which as many as three distinct speeds 
may be secured. 

The adjustable-speed motor is one “in which the speed can 
be very gradually adjusted over considerable range, but when 
once adjusted remains practically unaffected by the load. ” 
Its speed characteristic is that of the shunt-wound motor at 
any adjustment (Fig. 2, curve A for low speed, A'for high 
speed). The method of speed adjustment most frequently 
resorted to is that of varying the m. m. f. of the main field wind¬ 
ing by the use of a rheostat connected in series with the wind- 
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ing. The other method is that of varying the reluctance of 
the main flux path. This may be accomplished by an increase 
in the effective air gap through the use of adjustable plungers 
in the main pole, these plungers acting as cores to the main 
pole and moving along its axis. Another method of varying 
the reluctance of the main flux path is by axial displacement 
of the armature from its central magnetic plane. 

The adjustable-speed motor is a development of the con¬ 
stant-speed shunt-wound motor in response to demands largely 
in the machine tool industry. This motor was made prac¬ 
ticable, for speed ranges at present used, through the develop¬ 
ment of the commutating pole. Speed ranges as high as 4 
to 1 are readily obtainable. The range of application of these 



motors has extended widely, not only for general machine tool 
work but in many definite cycle operations, for example the 
reversing planer drive, and many drives with constant or some 
definite torque-speed characteristic. Slight compounding is 
often given to a motor designed for speed adjustment at its 
high speed where the torque characteristic of the compound 
motor is required in the application. 

“ Varying speed ” covers a class of motors ‘hn which the 
speed varies with the load, ordinarily decreasing when the load 
increases, such as series motors^ compound-wound motors, and 
series-shunt motors.” The compound-wound motor has a speed 
curve more strongly drooping than that of the shunt motor, 
its sx^eed regulation usualty amounting to approximately 15 
to 25 per cent. In consequence, its torque curve rises somewhat 
more rapidly with output than in the shunt motor (curves B 
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and B', Fig. 1). Its chief use is in service which permits some 
speed variation Avith load and where considerable load fluctua¬ 
tion makes the increasing torque characteristic of the compound 
motor desirable. In many cases this change in speed with 
load is definitely sought so that the energy in the moving masses, 
frequently including a flywheel, may serve to limit the load 
peaks on the motor. Punches, presses and shears fall prom¬ 
inently in the class of applications requiring a compound-wound 
motor. 

In the series-wound motor, the main field winding is con¬ 
nected in series with the armature; the armature flux varies, 
depending upon the degree of magnetic saturation, more or less 
directly with the armature current, resulting in a marked rise 
in torque with increase in output and a strongly drooping speed 



Fig. 3 


curve (curve C' and C, Fig. 1). In the series-shunt motor, the 
larger part of the main field m.m.f. is obtained from the series 
winding. In general, its speed and torque curves are similar 
to those of the series motor, though somewhat less marked. 
The no-load speed of the series-shunt motor will exceed its 
rated full load speed by approximately 60 to 100 per cent. 
(Curves jB, Fig. 3). 

Series and series-shunt motors are particularly suited for 
heavy peak load service, especially where frequent reversal 
with rapid acceleration and retardation are required. The series 
motor is in general preferred where reduction in load is not 
sufficient to cause dangerous overspeed and where retardation 
by plugging is used. If overspeed is possible the series-shunt 
motor is commonly used and it is also preferable where re¬ 
tardation is secured through dynamic braking. Motors having 
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such characteristics are used in driving roll tables, screw-downs 
and small rolls in mill work, for bridge, hoist and trolley mo¬ 
tions in crane service, and in numerous applications of a similar 
nature. 

Commutation: Commutation was until a comparatively 
recent period the great limitation to successful operation of 
the direct-current motor. It is still an important and at times 
difficult problem on account of the increased severity of duty 
cycle frequently required, and it constitutes one of the opera¬ 
ting limits of the direct-current motor. With reference to the 
design for commutation, motors may be grouped into three 
general classes: the non-commutating pole, the commutating 
pole, and the compensated motor; an important sub-class of 
the latter is the compensated commutating pole machine. 

The non-commutating pole motor: 'The reversal of current 
in the armature coils of a direct-current motor during the period 
of short circuit by the brushes, results in a voltage being induced 
in these coils by the cutting of the coils through the resultant 
flux in the commutating zone. This short-circuit voltage is 
impressed upon a circuit consisting of the coils, the two contact 
surfaces between carbon brush and commutator, the carbons, 
and sometimes interconnecting leads. The resistance of this 
circuit determines the circulating current which a given voltage 
can force through it, and in general the permissible uncompen¬ 
sated short-circuit voltage. Satisfactory commutation de- 
rnands, therefore, a limitation of this short-circuit voltage, suffi¬ 
ciently high resistance in the circuit of the commutated coils and 
where feasible, a magnetic flux in opposition to those generating 
the short-circuit voltage to aid in current reversal. Tendencies 
in design of non-commutating pole motors have been in general 
toward shallow broad slots, shortened armature core lengths, small 
number of turns per coil and per armature, a high ratio of field 
ampere-turns for air gap and teeth to the armature distorting 
ampere-turns, a relatively flat neutral, and carbon brushes of 
adequate contact resistance and suitable mechanical characteris¬ 
tics. In non-reversing motors, the shift of the commutating 
coils into the fringe flux from the main pole may assure ap¬ 
proximately correct average compensation for one load, the posi¬ 
tion of brushes remaining fixed; for lighter loads over-compensa¬ 
tion results and for heavier loads under-compensation. This 
is suggested graphically in Fig. 4; curve A represents the aver¬ 
age flux density required for flat compensation with straight- 
line rate of change of current assumed. Curve B suggests the 
average density of the fringe flux from the main pole in the com¬ 
mutating zone. Approximately correct average value of the 
flux is obtained at one point only, as X; beyond certain loads, as 
F, the resulting flux reverses and assists the sparking tendency. 
If the speed is increased by field weakening a condition is ap¬ 
proached as suggested by curves Ah 5h where helpful com¬ 
mutating flux disappears at the much reduced load as at YK 
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The distribution of this flux over the commutating zone for any 
load may differ considerably from values which would be ideal 
for the shape of instantaneous short-circuit voltages in the coils 
undergoing commutation. Aside from the embarrassment to 
certain other characteristics which will be pointed out later, the 
non-commutating pole motor has rather restricted load speed 
range; also the load speed range for a given motor will have nar¬ 
rower limits in reversing service with neutral setting of brushes 
than in non-reversing service where brush shift is possible. 

The Commutating Pole Motor. In the commutating pole motor 
the commutation problem is attacked more directly. The 
conditions conducive to sparking, as outlined in the discussion 
above, exist potentially in the commutating pole motor; the 
action of the commutating pole flux prevents this tendency from 
becoming active. The speed torque producing functions of the 
commutating pole motor and the means for securing sparkless 
current reversal are considered separately, each upon the basis 
of its particular demand upon the design. The main propor¬ 



tions of the armature and the fleld system can be laid out and such 
distribution of active material made as will secure the most 
effective results in the matter of speed-torque, efficiency, ventila¬ 
tion, moment inertia and economy of design without the com¬ 
promises necessary in the non-commutating pole machine. The 
commutating pole motor provides small magnetic poles, through 
which a magnetic flux of approximately the desired value and 
distribution may be maintained over the commutating zone. 
The magnetizing winding for this pole is connected in series with 
the armature; its m.m.f. is therefore proportional to that of the 
armature circuit to which it is opposed; it exceeds the latter, 
however, by an amount necessary to drive the required com¬ 
mutating flux through the reluctance of its magnetic circuit 
(Fig. 5, connections). By establishing at the point of commuta¬ 
tion a magnetic field closely proportioned over a wide range to 
the current commutated and in value such as to give approxi¬ 
mately straight-line reversal of current under the brush, the 
tendency toward sparking is, in theory, eliminated. The num¬ 
ber of commutating poles used may either be equal to or one-half 
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that of main poles (connections for commutating poles one-half the 
number of main poles—Fig. 6). If one-half as many commutating 
as main poles are used, only one side of the armature coil is cutting 
the commutating flux at a time. Hence each commutating pole 
must provide sufficient flux for annulling the effects of the short- 
circuit voltages in the entire coil. ’The m.m.f. of only that por¬ 
tion of the armature circuit immediately opposed to the commu¬ 
tating pole need be neutralized, however, so that the reduction 
in the number of commutating poles effects a saving in copper, 
a corresponding reduction in losses, and an open, more readily 
ventilated, field structure. 

The commutating flux, except in the commutating pole and 
the gap and tooth section under it, follows paths which are com¬ 
mon also to the main pole flux. The distribution of the result¬ 
ant flux in the magnetic circuit responds to the m.m.fs. of both 
main and commutating pole windings. The peripheral dimen¬ 
sion of the pole should be equal approximately to the width of 



the commutating zone; the axial dimension is made equal to or 
less than the armature core length. Where the same number 
of main and commutating poles is used the commutating pole 
length is usually less than the armature core length. In the cal¬ 
culation of the commutating pole circuit and winding, the aver¬ 
age short-circuit volts per armature coil may be determined on 
the assumption of a straight-line current reversal under the brush; 
the density of the commutating flux entering the armature may 
thenbemadeof such value that there will be generated in that 
part of the coil cutting by rotation this flux an e.m.f. equal and 
opposed to the average short-circuit volts. In determining the 
section of the commutating pole, consideration must be given to 
the influence of magnetic leakage and saturation as affecting the 
range of approximately flat compensation.* These effects are 
suggested in Fig. 7, where values of flux density are plotted as 
ordinates and current entering the armature and the commutat- 
winding as abscissas. Curve A represents the useful 

*H. E. Stokes: “ Commutating Pole Saturation in D-C. Machines” ' 
Transactions A. L E. E., 1913, VoL XXXII, p. 1527. 
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commutating flux entering the armature, B the flux entering 
the commutating pole at the yoke and C the useful flux in the 
armature for level compensation as determined by the average 
reactance. volts. As indicated, the useful flux reaches a maxi¬ 
mum at some load as at X, beyond which it decreases, .fin^y 
reversing at Y. The commutating range is limited to a value 
of current, as atZ, beyond which the uncompensated voltage will 
cause objectionable sparking. A careful consideration of the 
relative permeance of leakage and useful flux paths, of the m.m.fs. 
impressed upon each, and of the degree of magnetic saturation 
of the iron in the circuit of the commutating pole flux , is neces¬ 
sary in order to limit the amount of departure from direct pro¬ 
portionality of useful commutating flux to armature current with¬ 
in such vines as will assure sparkless^ commutation over the 
desired load range of the motor. Obviously, the approximate 



proportionality between commutating flux and armature cdr- 
rent can be secured over a wider load range, in general, in motors 
with small number of poles, than in those having many poles. 

Due to the great variety of armature vdndings used, the aver¬ 
age short-circuit voltage may differ considerably from instan¬ 
taneous short-circuit values in a coil- the pole face can*be shaped 
so as to give approximately the distribution desired but some un¬ 
balancing of voltage will necessarily exist. These unbalanced 
voltages bear some relation to the average short-circuit volts 
per coil and per brush, and to the abruptness of change in instan¬ 
taneous values of the short-circuit volts in a coil as it moves 
through the commutating zone. The relation between average 
and instantaneous values of short-circuit voltage per coil using 
the usual assumptions is indicated iii Fig. 8*; gy = average short- 

*Brunt: “ Auxiliary Pole Design.” Electrical Review and Western Elec- 
triciafif 1911. 
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circuit volts per coil, = max. short-circuit volts, e' = the 
value of volts in a single coil unaffected by mutual induction of 
other coils, and the width of the commutating zone. The 
voltage steps, here indicated are relatively small, and fairly 
regular. In some armature windings the changes in instanta¬ 
neous value of volts may be larger, and may produc'e troublesome 
circulating currents. Experience indicates working limits for 
these quantities mentioned above, which are serviceable in con¬ 
nection with other factors in predetermining commutation. The 
volume of current circulating in the commutated coils or carried 
in an arc as the coils leave the brush is a measure of the damage 
done to the commutator and carbons; the current capacity of 
the motor is, therefore, a factor in determining permissible com¬ 
mutating constants. 

Failure to attain complete compensation for the short-circuit 
volts, comes through the practical impossibility of securing such 
flux distribution over the commutating zone as will annul the 
instantaneous short-circuit volts in each coil, and through 
the departure from direct proportionality between the aver¬ 
age commutating flux density and the armature current 

beyond limiting values of the 
latter, due to the influence of 
magnetic leakage and magnetic 
saturation in the circuit of the 





U/Xtent 01 


commutating pole tlux. Extent of 

tiTTl ----11 departure from exact compensation 

Fig. 8 ^ more or less direct measure of 

^ . X 1 - imperfection of commutation, 

and sets limits to permissible peak load currents. 

Under conditions of rapid and wide load change, as in dynamic 
braking, plugging, regeneration, and, in less degree, acceleration, 
another source of inadequate compensation may be introduced. 
Eddy currents set up in the body of magnetic material in the 
circuit of the commutating flux may cause an appreciable lag 
1 ^ behind the current in the armature and commutating 

pole field under very high rate of current change. Both rate and 

f change are of importance. The permissible 

suddenly applied peak current, under above conditions, would 

gradually applied; in general, approxi- 
^uncompensated short-circuit voltage 
1 *^® allowable peak current in each case. The commuta- 

rvaifc nf '+^ be ehininated, practically, by laminating those 
parts of Its magnetic circuit which materially affect its reponse 

m.m.f., i. e., the commutating pole cores. 

considerable speed range as 

Wanfrb °bvi 0 US from the 

o ^ speed. at which the sudden load change or 

afl Pliigling or dynamic braking, takes place, is 

as it?frcurrent curve as well 
as its instantaneous peak value is of some importance, since 
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the possible^ damage from circulating currents or spark is a func¬ 
tion of its time of duration. 

Quickness of response is not always a necessary or even desir¬ 
able characteristic in the magnetic circuit of the commutating 
pole. With approximately constant or moderately varying loads, 
as found in a large proportion of industrial applications, the lag 
in the average value of flux behind current is not appreciable, 
and a certain amount of sluggishness in the commutating pole 
aids materially in smoothing out the irregularities in compen¬ 
sation for the wide range of short-circuit voltage conditions 
necessarily introduced in commercial machines, through the great 
variety of armature windings used. 

Harmful effects may occur outside of the commutating zone, 
due to high voltage between commutator bars. This condition 
exists only in high-voltage machines, and at high speed in some 
adjustable speed motors subject to wide load speed range. The 
instantaneous voltage generated in any armature coil is propor¬ 
tioned to the^ flux density through which it is passing and the 
speed of cutting this flux. The distortion of flux beneath the 
main pole causes a rise in voltage between bars toward the 
saturated pole tip; this effect is naturally most marked in adjust¬ 
able-speed motors at high speed. The value of this instantaneous 
voltage may be high enough to cause arcing currents to bridge 
over the insulation between bars, particularly when small 
particles of conducting material stick to the commutator. The 
breadth of the zone affected by this high voltage is dependent 
upon the shape of the flux curve; it is wider and therefore of 
more serious consequence the more nearly flat this curve becomes. 
Limiting values of voltage between bars are reached more fre¬ 
quently, however, in field forms of sharply distorted character. 
This bar-to-bar arcing results usually in burning and pitting of 
the commutator; the seriousness of the effect depends largely 
upon the maximum voltage per bar, the extent of the affected 
zone, and the current capacity of the machine. Excessive volt¬ 
age between bars makes a motor extremely sensitive to arcing 
over between brushes of opposite polarity. 

^ The Compensated Motor. In the compensated machine, a 
distributed field winding is provided, so connected in series with 
the armature that its m.m.f. opposes that of the latter and equals 
or exceeds it in value. In the latter case, an active flux for com¬ 
mutation may be secured. In the compensated commutating 
pole machine, the compensating winding covers only that part 
of the arrnature periphery included within the main pole arc, 
commutating poles supplying the flux required for commuta¬ 
tion. The prevention of field distortion under the main poles 
has made a field for this type of machine in high-voltage work, 
particularly where subject to sudden and extreme overloads. 
The use of distributed compensating windings in direct-current 
motors has been limited almost entirely to large high-voltage 
machines in heavy reversing service. 
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I tier Ha and Speed-Time Relations: The energy in ft-lb. stored 
in a moving mass is equal to 

1/2 m ^ ^ 

which may be expressed in the case of rotating bodies 

1/2 m 

Since the mass m of the rotating body bears a fairly definite 
rSoAto Z armature volume the stored energy is proportional 

The torque and time of acceleration, also derived from the 
fundamental relation 

(4) 

F — m a ^ 


T — mr- 


dw 

dt 


(5) 


m r 


dw 

"T 


( 6 ) 


In equations (5) and (6), the right-hand member is again propor- 

‘“ifmy SSistent line of motors, a fairly definite telation erists 
between the volume of the armature per unit torque and th 
torque. The-curve expressing this f 

with respect to increasing torque and convex to the sis i T 

Fm- a Sven value of D^L the relation between the values of 
D^L and the ratio is of interest; for instance, the value of 

Z).L, whet. 4 equal, 3, is 2 times as great as that where ^ 
equals 1. The practical constancy of the relation D^L for wide 
range of values is more nearly approached inlarger machines 

and those for short time ratings. It is also of interest to note that 
although the relation RL decreases with increase in torque, 

the value of will increase appreciably. More attention 

must be given to these factors in large than in small machines, 
particularly since in general the importance of securmg speed and 
economy is more insistent in large than in small drives. 
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In many cyclic applications calling for frequent reversal of 
rotation, the stored energy in the rotating armature forms a 
considerable proportion of that in the whole equipment, and 
exerts often a determining influence on the time and torque re¬ 
quired for acceleration and retardation; in consequence, it affects 
materially the commutation and heating of the motor. For 
example, considering two armatures with the same normal torque 
rating and speed, one of which has twice the value D^L of the 
other, the time of acceleration of the one motor would be twice 
that of the other, same average accelerating torque assumed; 
the heat to be dissipated, assuming equal losses; would be doubled 
also and the period of severe commutating strain prolonged in 
the same proportion. Should it be required to accelerate the 
two armatures in the same time the torque in the high-inertia 
armature would have to be double that required for the other, 
the commutation difficulties may be considerably more than 
doubled and the heat to be absorbed or dissipated approximately 
four times as great. 

During the acceleration period the motor has to supply torque 
for friction and active load in addition to that required for 
accelerating moving masses. During retardation the friction 
and active load, if any exists, assist in retarding the moving 
masses. The amount of stored energy in the mo\dng masses is of 
particular importance with regard to commutation where plug¬ 
ging or dynamic braking is used. This is emphasized where 
rapid retardation from a relatively high speed is required; the 
maximum retarding torque current peak comes at approxi¬ 
mately the high speed of the retardation period, the reversal 
of current is at high rate and the limitations to commutation as 
outlined under that head are strongly emphasized. Reduction 
in the amount and duration of this peak is important. 

In the foregoing remarks about energy required for accelera¬ 
tion, only energy input to armature was considered; the energy 
wasted in accelerating resistances may add appreciably to the 
total drawn from the line and lower the efiflciency of the equip¬ 
ment materially. 

In other cyclic operations, non-reversing with alternate heavy 
and light loads, large inertia is desirable in order to limit the 
range of torque exerted and input required by^ the motorFre¬ 
quently a flywheel is used to provide additional inertia and 
make possible the application of a motor representing more nearly 
the average power requirements of the drive. A motor with 
slightly drooping speed characteristics, usually a compound- 
wound machine, is desirable for such conditions. 

In still other applications, as in continuously running drive 
with approximately constant or only moderately varying loads, 
the inertia of moving masses is of slight importance. 

Stability: In motors of the shunt type with practically flat 
speed curve and a relatively large amount of inertia of armature, 
sensitiveness to sudden change in load, speed or voltage may at 
times occur. This sensitiveness will be emphasized if the driven 
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machine also has considerable inertia or load characteristics with 
the equivalent of inertia effects. The condition of instability 
is marked by a surging of current and speed, settling with vary¬ 
ing degrees of sluggishness to a stable condition of speed and 
torque required by the output. This surging may become cumu¬ 
lative in extreme cases. 

The commutating pole motor is rather more susceptible to 
this tendency than the non-commutating machine if the com¬ 
mutating flux, as is common practise, slightly exceeds that re¬ 
quired for straight-line reversal of current. This is due to the 
demagnetizing effect upon the main poles of the resultant m.m.f. 
of the coils undergoing commutation. Motors with rising speed 
characteristics are particularly sensitive with respect to insta¬ 
bility, and are usually unsatisfactory unless connected to loads 
having little inertia and having strongly drooping tendencies. 
The danger of instability is naturally more marked in motors 
having a wide speed range, and relatively low internal resistance. 

A light series field winding, connected in series with the arma¬ 
ture, whose magnetizing effect is proportional, in general, to 
the tendencies toward field weakening and which will give a con¬ 
sistently definite drop in speed with increase of output, will 
insure stable operation. Such windings applied to shunt motors 
are called compensating windings. They have the additional 
advantage^ of reducing somewhat the light load field losses and 
in general improving average efficiency in the average load cycle. 

Heating and Ventilation. The heat generated in the parts of a 
motor by internal losses is an important consideration in the 
design and operation of motors, on account of the temperature 
limitations of comnaercial insulating materials. These losses 
include the Pr losses in the electric circuits, the effects of hystere¬ 
sis and eddy currents in the armature and face of pole due to 
cyclic variations of flux, and mechanical friction. Extra load 
losses resulting from flux and current distortion, sometimes 
difficult of accurate estimate, also occur. 

The rise in temperature in different parts of a motor above 
initial values depends upon the heat added to the part, to the 
mass and. thermal capacity of that part and to the effectiveness 
of heat dissipation. The dissipation of heat takes place through 
conduction, convection, and radiation. With constant loss and 
unvarying conditions affecting the heat dissipation, the rise in 
temperature, starting cold is a logarithmic function of the time, 
following the general form 

- 1 

, c = C (1 - e ^ ) (7) 

where c instantaneous temperature in deg. centigrade corres¬ 
ponding to the time t, 

C = ultimate temperature. 

T = time in which temperature would rise to C deg 
if no energy were dissipated. 

e = logarithmic base. 
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In. curve A, Fig. 9, is shown the relation between temperature 
nse and time in an open motor. The initial rate of temperature 
^ j j curve, is proportional to the ratio of heat energy 

added to the machine part in question to its heat capacity. The 
rate of heat dissipation is not constant but increases with the 
difference between the temperatures of the heated body and of 
the medium to which the heat is transferred. The rate therefore 
increases with time, a constant temperature being reached when 
^e rate of heat transfer equals that at which heat is added. 
Theoretically this condition is reached for t = infinity; practically 
from two to six hours is sufficient to bring open motors of in¬ 
dustrial type to practically constant temperature, the time vary¬ 
ing with size and with features of design. 

The cooling of the motor follows the law 


c ^ Ce ^ ( 8 ) 

assuming that the motor is at rest without losses. The cooling 



curve as indicated in B, Fig. 9, is much flatter than the heating 
curve for the ordinary open direct-current motor, which depends 
largely upon the fanning action of the rotating armature for the 
convection currents of cooling air. Where cooling air is supplied 
from an external source, the convection constants would be more 
nearly the same when the armature is rotating and when it is at 
rest, and the curve is steeper. 

Factors which enter into the problem of heat dissipation are 
the resistance to heat flow offered by conducting paths, extent, 
nature and location of radiating surfaces, and the temperature 
and quantity of cooling air which can be brought into effective 
contact with exposed surfaces of heated parts. Practical diffi¬ 
culties and limitations may be suggested as follows. Insulating 
materials which separate the electric circuits from metal conduct¬ 
ing masses offer high resistance to heat flow. Pockets of heated 
air, due to unfilled spaces in the winding, to the form and location 
of winding or part in which losses occur, and to the configuration 
in general of the motor, produce effects analogous to the opera- 
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tion of affected parts in high-temperatnre air. Rotating bodies 
also carry around with them a film of air which, becoming heated, 
tends to interfere with the adequate supply of low-temperature 
air at the heated surface. 

The initial slope of the curve as measured by the angle a, 
in curve A , Fig. 9, is proportional to the ratio of the rate of loss 
heat generated to the heat capacity; the rate of departure from 
this initial slope is an indication of the effectiveness of heat dissi¬ 
pation. This is suggested by contrasting the shape of curve C, 
Pig. 9, the time-temperature curve of a totally enclosed motor 
with so called fireproof insulation, with that of curve A , for an 
open motor with fibrous insulation. 

Practical limits to operating temperatures are set by the 
character of insulating materials used, the temperatures at 
which damage or too rapid deterioration of insulating papers, 
fabrics, tapes, inpregnating gums and varnishes will not result. 
In the Standardization Rules of the American Institute of Elec¬ 
trical Engineers 95 deg. cent, is considered the maximum safe 
operating temperature for fibrous insulation without impregna¬ 
tion, called class Ai insulation, 105 deg. cent, for impregnated 
fibrous insulation, called Class ^ 2 , and 125 deg. cent, for insula¬ 
tions composed largely of mica, asbestos and similar materials, 
called Class B, With an assumed maximum ambient tempera¬ 
ture at 40 deg. cent, and an allowance of 15 deg. cent, excess 
of hot spot above surface temperature as measured by thermom¬ 
eter, permissible temperature rises are 40 deg. cent, for Class 4 1 , 
50 deg. cent, for Class A 2 , and 70 deg. cent, for Class B insulation. 
The practise has been common with industrial motors UvSing 
Class A 2 insulation to give ratings based on continuous operation 
with 40 deg. cent rise, followed by a 2-hour 25 per cent overload 
with 55 per cent, rise; in some cases where slightly shortened life 
is considered a justifiable risk, ratings based on full load contin¬ 
uous operation at 55 deg. cent, rise have been given. For Class 
B insulation 75 deg. cent, rise has been much used. 

Motors in which the volume of cooling air is restricted or 
renewal supply is entirely excluded—f.e., semi-or totally enclosed 
machines are given a lower rating than the corresponding open 
motor or else operate at higher temperatures. In semi-enclosed 
motors, the proportion of air opening to* total area of enclosing 
cover, and the distribution of openings, are determining factors 
in the reduction in the rate of heat dissipation. In the totally 
enclosed motor, the parts of the machine in which losses occur are 
surrounded by air of relatively high temperature; the external 
surface of the motor has the function of radiating the heat brought 
to It from inside by conduction, convection anLadiation, in ad¬ 
dition to that of mechanical protection. Fig. 10 shows a totally 
enclosed dust-proof motor in which effective increase in radia¬ 
ting surface is secured through corrugations on the end brackets 
and covers; in contrast an open motor is shown in Fig. H, where 
reliance is placed upon openness of construction for effective 
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heat dissipation. In enclosed motors, the loss in rating may in 
many instances be offset by artificial ventilation, secured through 
a fan on the rotor shaft with inlet and outlet in motor shell, or 
from a fan located externally. 

Short time ratings have been much used in motors designed 
for certain classes of service, as for instance, one-and two-hour 
ratings for adjustable speed machine tool motors, one-hour 
ratings for varying speed mill motors, and one-half-hour ratings 
for crane motors. The rating given is such that the motor 
will not exceed safe or specified temperature limits when opera¬ 
ting at its rated output for the period indicated, the motor 
starting cold. Such ratings are largely nominal in character, 
i Though often used in intermittent service, with rest periods 
of sufficiently long duration to allow effective cooling, and 
with work periods roughly approximating the ratings given, 
they are, in general, of value as indicating the fitness of the 
motor for service requiring varying and frequent peak load, 
and as a basis in applying motors for a known though possibly 
very different character of cycle. 

Motors are applied frequently on a cycle of duty more or 
less well defined, which repeats itself* with some regularity. 
The losses in the motor would, under such conditions, vary dur¬ 
ing the cycle, and the rate of heating or cooling change in con¬ 
sequence. Starting cold, the curve of instantaneous tempera¬ 
ture values would have an irregularly rising trend, assuming 
under continuous operation a form corresponding to the cyclic 
changes in the thermal conditions of the motor. The curve 
would be made up of elements of the heating and cooling curves 
of the motor. Where the heating effects of load variations do 
not lead to wide changes in temperature during the cycle, i,e., 
the load not varying through excessive range or the time in¬ 
tervals short, it is reasonable to use as a basis for application 
the average value of the losses during the total working period. 
The motor can then be selected whose temperature rise for 
similar losses will not exceed, during the total time of opera¬ 
tion, safe temperature limits. 

The usual cyclic operation is not sufficiently well defined 
to admit of accurate predetermination, and irregularities of 
duty under ordinary work conditions are such as to render too 
much refinement unwarranted. For such conditions, particu¬ 
larly in the case of motors having relatively flat efficiency 
curves, the method of application based on the root-mean- 
square value of the horse power has proved adequate. This 
effective value of horse power is obtained by multiplying the 
squared horse power for each period by the time during which 
it may be assumed constant, summing these products, and divid¬ 
ing this summation by the total time of the cycle including the 
rest intervals: the square root of this quotient gives the r.m.s. h.p. 

From a table or curve for each motor in a line, giving 
horse powers for different periods of operation, the values de- 
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termined under thermal conditions simulating those of the 
average duty cycle, a motor suitable for the estimated cycle 
can be selected. 

Efficiency: The losses in electric motors, both as to quantity 
and distribution, are of importance in their bearing upon ef¬ 
ficiency and in the relation of efficiency to output^^. The rela¬ 
tive proportions of variable losses (the PR losses in the series 
path of the machine) and of the constant losses (bearing and 
brush friction, windage, iron losses, and shunt field losses) de¬ 
termine the shape of the efficiency curve. It should be noted 
here that the so-called constant losses are not all of them con¬ 
stant; due to distortion in flux and current distribution, addi¬ 
tional losses occur on load. The difference in the shape of the 
efficiency curve in two machines of approximately the^ same 
torque and built on the same frame but wound for different 
speeds is indicated in Fig. 12, curves A and B, Curve A is 
the efficiency of a low-speed motor with relatively small con¬ 
stant losses, curve B for a high-speed motor where the con¬ 
stant losses are relatively large: ctirve A shows naturally higher 



Fig. 12 

efficiencies at light loads, curve B at higher loads. Such 
differences in loss distribution are the logical results of design¬ 
ing a line of machines by frames, each frame representing, 
within average range of speeds for which commercial machines 
are wound, a given torque capacity which can be exerted under 
normal operating conditions, and to satisfy specified limitations 
as to temperature rise. In consequence, the average total flux 
in the magnetic circuit of a frame differs little for a wide range 
of speed ratings as secured through different armature windings. 

In adjustable-speed motors, particularly where wide speed 
range features, the motor efficiency at low speed has the pre¬ 
dominance of relatively large variable losses emphasized as 
indicated in full line curve B', Fig. 2. At high speed, the in¬ 
crease m friction, windage, and iron losses is offset in part by 
the reduction of those in the shunt field; the variable losses, 
under the assumption of constant horse power rating, being ap¬ 
proximately the same as at low speed, increase slightly where 
there is decrease in efficiency. The curves at low and high speed 
are, therefore, similar in shape, efficiencies for equivalent out- 
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put being, in general, lower at high than at low speed, and the 
differences more marked at partial than at full load.. These 
differences are most marked in small motors having wide speed 
range. 

In short time ratings, where variable losses are increased, 
usually to a greater extent than fixed losses, the tendency is 
in general to emphasize relatively high light-load efficiencies. 
On the other hand, in enclosed motors for continuous service, 
due to lowered rate of heat dissipation, the rating is reduced, 
the variable losses are affected to a greater extent than the fixed 
losses, and the efficiency curve shows, in general, lower ef¬ 
ficiencies for partial than for full loads and limited overloads. 

Mechanical Characteristics: Light weight and small over¬ 
all dimensions are important factors in the ordinary industrial 
motor, where ease in handling complete motors or replacement 
parts must be taken into consideration. They frequently are 
mounted, also, directly on the machines or tools which they 
drive, their weight supported and their dimensions limited by 
the structure of the latter. Standardization and interchange- 
ability of parts are essential requirements of the modern motor. 
The great diversity in the character of industrial motor applica¬ 
tions has led also to the development of many different mechanical 
forms in a line of machines, in many cases without affecting 
the electrical characteristics; among these might be mentioned 
vertical, back-geared, semi- and totally enclosed motors, and 
idler pulley attachments for motors. Certain classes of heavy 
services, in particular mill and crane work, have led to special 
features of design, both electrical and mechanical. Electrical 
characteristics have been commented upon in the preceding 
pages; in mechanical construction such motors are marked by 
very rigid frame structures with wide spread of feet, large 
shafts and ample bearings, small armature diameters, with 
windings both in armature and field systems braced to stand 
very severe duty, and frequently in addition are insulated to 
stand extra high temperatures (Class B insulation). Figs. 13 
and 14 give a fair idea of constructive features of the enclosed 
and open motor of the well-known mill type. 

To summarize the foregoing characteristics of direct-current 
motors, and make more definite their bearing upon service 
conditions, three classes of motor application will be briefly 
reviewed. 

1. The constant, or slightly varying load, constant speed, 
continuously operating drive, as typified in some forms of line 
shaft and group drive, blowers, and centrifugal pumps. 

2. Non-reversing, continuously running, cyclic duty with 
alternating peak and partial loads, such as shears, punches, 
presses and hot saw. 

3. Reversing cycles, usually with duty of peak character 
during the useful work part of the cycle, as in the adjustable- 
speed reversing planer motor, and the varying-speed mill motor 
applied on roll tables or screw-dov/ns in steel mills. 
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In the motor for constant-speed, continuously i*unning drive 
with infrequent shut-downs and moderate variations in load, 
the problem of motor design is found in its simplest form; such 
applications are approached more or less directly in line shaft 
and group drive, centrifugal, pumps, fans, etc. The operating 
characteristics of importance in this class of applications are 
speed-torque, commutation, stability, heating and ventilation, 
and efficiency. Usually an approximately constant speed motor 
of the shunt type is required. The commutation problem is 
not a difficult one, for a commutating pole motor sparkless 
commutation and the maintenance of good polish and long 
life to commutator and carbons being required. Stable opera¬ 
tion is essential, though danger of instability is not so great 
as in other classes of motors and loads; a definite drop in 
speed characteristic will assure stable operation. A motor 
with particularly good ventilation is in general required. The 
almost negligible influence of motor inertia on the important 
operating characteristics, and the freedom from commutation 
limitations as secured through the commutating pole, make 
possible the choice of proportions, the disposition of matexial, 
and arrangement of windings such as to secure, within economic 
limits, the best results as to ventilation. The requirements in 
the matter of efficiency call for high values, in general between 
one-half and full load. 

In non-reversing, continuously running drives, having cyclic 
load variations between wide limits, the peaks representing large 
excess over the average duty, characteristics differing some¬ 
what from those given above, and differently emphasized, are 
demanded. Speed-torque, commutation, inertia, heating aird 
ventilation, and efficiency require consideration. The droop¬ 
ing speed and well-defined torque characteristics of the com¬ 
pound-wound motor are in general sought, both to allow inertia 
of moving masses to assume part of peak load demands, and 
also to secure motor peak torque demands by increment in 
main flux as well as in armature current increase, thus reliev¬ 
ing commutation strain, and lowering somewhat the total heat¬ 
ing effects during the cycle. The commutating pole motor best 
meets the requirements of the service. Conservative arma¬ 
ture commutating constants, and attention to leakage and 
saturation in the circuit of the commutating flux so as to se¬ 
cure reasonably level compensation over the entire load range 
of the motor, will secure satisfactory results. The rate of cur¬ 
rent change, particularly where there is large inertia of mov¬ 
ing parts, is not sufficiently high to introduce the question of 
sluggishness in flux response. Large inertia in moving parts is 
of considerable importance. This inertia may be supplied 
chiefly by the parts of the driven machine, by the motor arma¬ 
ture, or by both supplemented by a separate flywheel Of two 
iriachines equal in other respects, that having an armature of 
high inertia is preferable; but the readiness with which a fly- 
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wheel of the desired proportions can be applied to any drive, 
would not justify the sacrifice of other desirable motor character¬ 
istics to secure this effect, and the proportions dictated by good de¬ 
sign for commutation, ventilation, efficiency and economy should 
be chosen. The ventilating characteristics of the motor should 
be good as in the preceding case; the demands in general would 
be about the same, based on the average value of the losses, 
since the alternating periods of heavy and light load are of short 
duration and will not result usually in appreciable variations 
in temperature. Good operating efficiency requires high values 
over a wide range of load, and a motor with level efficiency 
curve is, in general, desirable. Mechanical design character¬ 
istic of well-made industrial motors will usually meet all demands 
of constructive nature. 

For the reversing cycle, the reversing planer motor furnishes 
a good example. The requirements of the service are a cutting 
speed of qonsiderable range, usually 2:1, and a return speed as 
high as can reasonably be obtained; a return speed four times 
the full field or minimum cutting speed is standard practise. 
During the cutting stroke variations in torque between partial load 
and, double full load value may occur: during return stroke a 
driving horse power of from one-quarter to one-half the normal 
rating, in general, may be counted on. The motor is controlled 
automatically, the control being actuated by the planer platen. 
It reverses after each stroke, being brought to rest by dynamic 
braking or plugging, the former preferred, and accelerated to 
the full cutting or return speed through armature and fileld 
switches. It is of first importance that the inactive part of the 
operating cycle both as to time and energy expended be re¬ 
duced to the minimum consistent with satisfactory operation 
and long life, for in economy of production lies one of the ad¬ 
vantages of the reversing planer over the belted and other 
forms of planer drive. 

The motor characteristics of interest in this drive are speed- 
torque, commutation, inertia, stability, heating and ventila¬ 
tion, and mechanical construction. An adjustable-speed motor, 
usually 4:1 speed range, is used, the most common speed range 
being 250 to 1000 r.p.m. A shunt-wound motor may be used, 
as the definition of adjustable speed implies, but slight com¬ 
pounding is preferable, both to secure maximum accelerating 
torque with reasonable current peaks, and to assist in carrying 
extreme cutting loads. The advantage of the series winding is 
particularly marked in that part of the accelerating period 
which is secured by shunt field adjustment, limiting the current 
rush and making smooth and rapid the acceleration when the 
shunt field resistance is cut in in one step, a feature desirable 
for rapid acceleration and simplicity of control. The .com¬ 
mutation requirements are severe, particularly in braking dynam¬ 
ically from the return stroke at maximum speed; a commu¬ 
tating pole motor is of course essential. ’ The peak braking 
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current should be as high as possible, consistent with satisfactory 
commutation. The rate of change of current is high during 
the reversal from motor to generator action in braking. Not 
only must commutating constants of armature be conservative, 
and wide range of approximate proportionality between com¬ 
mutating flux and armature current be secured, but rapid re¬ 
sponse of flux to current change is essential. A motor which 
meets the dynamic braking requirements, will be equal to the 
commutation demands of acceleration and of the cutting stroke. 
It is evident that to keep the time and energy of reversal low, 
inertia of moving masses should be reduced to the lowest eco¬ 
nomical figure. The motor armature forms a large, usually the 
largest single item in this inertia, and the selection of armature 
proportions for low flywheel effect, as outlined in preceding 
pages, is of first importance. With light compounding as 
suggested above, the question of stability does not enter. With 
a shunt-wound machine, however, some trouble from over¬ 
speeding at the end of acceleration to high speed is apt to occur, 
if very rapid acceleration is sought. The work period during 
which the cycle of operations is repeated, varies in length, in¬ 
terrupted from time to time for adjustment of cut or inspection 
of work; a rest interval follows during which the work piece 
is changed, permitting effective cooling of the motor. The 
thermal conditions in the motor vary widely during the cycle. 
In general a short time rating is satisfactory. The conditions 
determining efficiency also vary widely. Not only do actual 
loads and losses differ greatly in different parts of the cycle, 
but the proportion of fixed to variable losses shows marked 
contrast, as, for instance, between cutting peak at low speed, 
and partial load return stroke at high speed. Operating con¬ 
ditions determine many factors which affect both efficiency 
and heating, but, in general, the operating requirement 
for minimum energy expended during the non-productive 
part of the cycle, affects favorably these characteristics. The 
mechanical demands upon a motor for this service are more 
severe than for the continuous drive; the requirement, how¬ 
ever, for low inertia favors their easy attainment. Rigidity of 
design and the secure fastening of windings subject to widely 
varying torques and to inertia stresses cover, in general, the 
important special requirements. 

Characteristics of Direct-Current Motors for Elevator 

Service 

Albert Brunt (by letter): Requirements of electric motors 
for elevator service are such that standard industrial motors 
cannot be applied without some modification, the extent of the 
modification depending upon the kind of elevator service that 
is to be maintained. An analysis of those elements of the ele¬ 
vator application that are of interest to the motor designer 
is of great importance^ as it will disclose the principles to be 
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kept in mind when designing this class of motors. The im¬ 
portance of the elevator industry in this country and also the 
fact that nowadays the great majority of elevators are built 
with ^ electric drive, make it well worth while to investigate 
this interesting motor application. 

The conditions to be met in different elevator installations 
vary a great deal. This naturally has led to a division of the 
elevator machines into different classes. Both in regard to 
elevator machine and to driving motor this division is based 
on the speed of the elevator. In regard to the elevator ma¬ 
chinery the division can be made in geared and gearless ma¬ 
chines, the geared machines to be subdivided again in worm 
gear machines and helical or herring-bone gear machines. 
Worm gear machines are used for low- and medium-speed 
service, helical gear and gearless machines for high-speed service* 
Under low speed should be understood elevator speeds up to 
200 feet per minute, under medium speed 200-400 feet per 
minute, and under high speed 400 feet per minute and up (maxi¬ 
mum 700 feet per minute.) 

The motors for elevator application may be divided in the 
following three classes- 

(1) Motors for low-speed service. 

(2) Motors for medium-speed worm gear machines and for 
high-speed helical gear machines. 

(3) Motors for high-speed gearless machines. 

Although a-c. motors are used extensively for low-speed 
elevator work and two-speed induction motors even for speeds 
up to 350 feet per minute, the characteristics of d-c. motors 
are far more suitable for this application, especially for high¬ 
speed work, for which d-c. motors are used exclusively. For 
this reason this paper will deal with d-c. elevator motors only. 

The different requirements can be shown to the greatest 
advantage for the second class of motors, those for medium- 
speed worm gear machines and high-speed herring-bone gear 
machines, for which reason these motors will be considered first. 

There are two important requirements to be met during 
the cycle of elevator operation, i.e.y the operation should be 
smooth, without jerks causing inconvenience to the passengers 
in the car, and it should be as economical as possible. 

For this kind of service (from 200 to 400 feet per minute) 
the motor is started over a series resistance which is cut out in 
several steps, followed by a weakening of the field, also in several 
steps. If a compound field is used this is cut out before the 
weakening of the field has begun, as a compounding field on 
the motor, while it is driving the elevator at its normal speed, 
that is, the weak field speed of the motor, would make the speed 
change too much with changes in the load, which is undesirable. 
When the elevator has to be brought to a stop from its normal 
speed the accelerating operation is reversed. First, the field 
is strengthened, causing a momentary regeneration; after that 
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the speed is decreased further by decreasing the armature volt¬ 
age through the insertion of resistance in series with the arma¬ 
ture, after which the armature is disconnected from the line 
and short-circuited over a resistance, thus decreasing the ^eed 
further by dynamic braking. This last operation should bring 
the speed so near to zero that when finally the mechanical 
brake is applied no jerk is felt in the car. Also for mechanical 
reasons it is necessary that the speed be very nearly equal to 
zero when the mechanical brake is applied, as this brake 
wear out very rapidly on account of the great many stops it it 
were to decrease the motor speed materially, requirmg a fre¬ 
quent adjustment of the brake shoes. This mechanical brake 
is a holding brake only, holding the elevator system ^t rest 
when the controller is in the off position; it is actuated by a 

steel spring and released by a solenoid. 

An important point to be settled is the amount of speed varia¬ 
tion through field control that an elevator motor should have. 
Without any field control at all the motor for a certain out- i 
put of course will be the cheapest, but at the same time will 
require a great number of series accelerating switches, in order 
to make the acceleration smooth enough, and a great amount 
of resistance. Furthermore, this kind of acceleration is very 
uneconomical due to the amount of power lost in ^ the series 
resistances. Efficient acceleration and retardation is of 
importance for an elevator on account of the great number of 
stops made. Whereas during the run at normal ^ speed the 
motor has to develop a torque great enough to lift the un¬ 
balanced load and to overcome the friction, during accelera¬ 
tion it has, in addition to this, to develop a torque for accelera¬ 
ting the masses, which is very considerable. With an accelera¬ 
tion of 2.5 ft. per sec. per sec. by which a speed of 400 feet 
per min, is obtained in 2.67 sec. the acceleration force for a 

weight PL X 2.5 = 0.078 W. At full load the total masses 

to be accelerated, however, will be approximately 8 times larger 
than the unbalanced load which is to be lifted, and when it is 
considered that a torque is also needed for accelerating the revolv¬ 
ing masses, the required accelerating torque will come up to 
nearly double the full load running torque. Whereas most 
of the time an elevator is running with an average load and 
this consumes only little power during the run at normal speed, 
the work to be performed during starting for accelerating the 
masses is always nearly the same, to which is to be added the 
variable work for lifting the load. Economy during accelera¬ 
tion, therefore, is most important, more so than a high full- 
load motor efficiency. The effect of the amount of speed 
variation through field control of the motor on the economy 
of acceleration will be shown by a comparison of Fig. 15 with 
Fig. 16. Fig. 15 shows accelerating conditions for a motor 
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without field control and Fig. 16 for a motor with a speed 
variation through field control of 2-1. Both motors are sup¬ 
posed to drive the same elevator and thus are of the same 
horse power with the high speed of the motor of Fig. 16 equal 
to the speed of the motor of Fig. 15. 

In order to maintain a constant increase in speed per time 
unit during all of the accelerating period the motor torque 
will have to be constant during this period, which means that 
with a constant flux the current should be kept constant. ^ This 
is supposed to be obtained in Fig. 15 by a controller with an 
infinite number of series resistance steps which will increase 
the voltage applied to the armature from zero to E propor¬ 
tional to the speed. If the accelerating time be equal to T 
the power taken from the line during acceleration will be equal 
to E I T. If efficiency of acceleration is taken to mean 

Power consumption by motor armature 
Total power consumption 



Fig. 15 



then in this case this efficiency will be 50 per cent, as the arma¬ 
ture power consumption is — Xly^E — ^EIT. 

In Fig. 16 uniform acceleration up to_ half the normal speed 
is supposed to be obtained by an infinite number of armature 
resistance steps, same as for the motor in Fig. 15; from half 
speed to full speed the motor is accelerated by field control, 
the rate of change of the field being such that the product of 
current and flux and thus the torque is kept constant. 
will very nearly be obtained if the current increases from half 
to full value and if the fiux decreases from full to half strength 
proportional with the speed as shown in Fig. ^16. (This is not 
quite correct. With current and flux changing as in Fig. 16 
the corresponding torque will follow the dotted line, with a 
maximum difference from the constant torque of 12.5 per cent). 
The power consumption now will be: 
during the 1st half of the accelerating period 

T r. I 1 T. T ^ 

^y.EX^~jEIT 




200 


MOTOR APPLICATIONS 


[Feb. 17 


during the 2nd half of the accelerating period 




EIT 


Total4-£/ r. 

O 


The armature power consumption during acceleration wall be 


EIT 

during the 1st half k X ^ X 

/..i /i Zj 


EIT 


during the 2nd half ” -^E I T 

giving a total oi \ E I T and thus an accelerating efficiency 

1 

of “f- X 100 = 80 per cent. 

8 

This shows that the power consumed during acceleration 
of a motor wdth 2-1 speed variation only is 62.5 per cent of what 
it is for a motor without speed variation through field control, 
whereas the accelerating efficiency is 50 per cent for the motor 
without and 80 per cent for the motor with field control. This 
is a very important result, as stated already, on account of the 
great number of stops of an elevator. However, it is not the 
only advantage of a motor with field control in regard to economy 
of operation. When in a motor of this kind, running at high 
speed, the field strength is increased, the motor will momentaiily 
regenerate and thus slow^ down, the powder required for pro¬ 
ducing this regeneration being taken from the inertia of the mov¬ 
ing and revolving masses. Neglecting the motor efficiency, it 
may be said that the power consumed for producing the torque 
necessary to accelerate the masses from the full field motor 
speed up to the high speed, that is, the power converted into 
inertia of the moving and revolving masses, is returned to the 
supply line when the motor is retarded from normal to full 
field speed. This of course is impossible in motors without 
field control. It is quite an appreciable item, as the inertia 
increases with the square of the speed. Not only is it true that the 
acceleration and retardation is-much more economical in a 
motor with field control, but a smooth stop on an elevator 
running at over 200 feet per minute, with series accelerating 
switches only, will be impossible. Supposing that the load 
should be over-hauling the counterweight and thus that the 
motor should be running as a generator, then if the elevatpr is 
to be stopped the introduction of resistance in series wdth the 
motor armature will not decrease the speed, but a braking effect 
only will be obtained when the controller reaches the off position, 
in which position the armature is disconnected from the line 
and short-circuited over a resistance, and thus dynamic braking 
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is applied, causing a sudden retardation. The only way to 
overcome this would be to have, in addition to resistance in 
series with the armature, switches that introduce resistance in 
parallel with the armature, thus obtaining dynamic braking dur¬ 
ing the process of inserting the armature series resistance. This, 
however, will increase the expense of the controller. 

An illustration of the preceding in regard to acceleration 
economy will be obtained by a comparison of the figures of the 
following tabulation, taken from actual tests on a worm-geared 
elevator running at the exceptionally high speed of 450 feet 
per minute and driven by a motor with 2.5-1 field control. 

Number of stops per mile: 24 98 148 

Load in car. Kw-hr. per car-mile 


150 lb. 
750 lb. 
1500 lb. 
3000 lb. 


1.55 

1.42 

1.70 

2.62 


2.55 

2.41 

2.50 

3.47 


3.45 


This shows the strong increase in power consumption with in¬ 
creasing number of stops. 



Fig. 17 


Fig. 17 gives the power consumption during acceleration for 
different field control ratios, the amount for the motor without 
field control being taken as one. This curve shows that in this 
respect there is not much advantage to use a motor with a field 
control ratio greater than 2-1, especially where for a certain h.p. 
and a certain maximum speed determined by the gear ratio, 
the cost of the motor increases with increasing field control ratio. 

The preceding indicates that a motor with 2-1 field control 
will be the most suitable for this kind of elevator service, which 
has been proved by actual experience, as a great many motors 
with this amount of field control have been built and have given 
entire satisfaction. The question now arises whether these 
motors should have a compounding winding to be used during 
armature acceleration only and to be cut out before field accelera¬ 
tion. Due to the fact that only during acceleration and retarda¬ 
tion is the shunt field excited by the full voltage, and that the 
amount of heat developed in the shunt field coils while the motor 
is running at high speed, and usually also when standing still, 
is less than 1/4 of what it is at the full field speed, the excitation 
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of the field can be made quite strong so that the magnetic cir¬ 
cuit will be rather saturated at full field, making the advantage 
of having a compounding field in addition to the shunt field 
negligible. It must be borne in mind that with normal current 
this motor will have a starting torque equal to two times the nor¬ 
mal torque. It would be entirely different if a motor without 
field control were used. In order to obtain a good starting 
torque without excessive current the saturation of a motor of this 
type should not be worked high, so that by using a compounding 
field during starting an appreciable increase in flux can be ob¬ 
tained, producing the required starting torque without consuming 
too much current. 

Motors for this application of course must be of the commutat¬ 
ing pole type and except in one point need not be different from 
ordinary commutating pole motors for constant speed service. 
Elevator motors are subject to very rapid changes in the current 
during accelerating and braking. When the motor is stopped 
from its normal speed the shunt field is strengthened and the 
current reverses, producing regeneration. This change in cur¬ 
rent is so quick that when the interpoles are made of solid material 
the commutating flux will not change quickly enough to correctly 
compensate for the reactance voltage in the short-circuited coils 
which is the cause of sparking. This sparking coming with 
every start and stop'will soon blacken the commutator and 
consequently the motor will require a great amount of attention. 

• This lag in the interpole flux is produced by eddy currents 
which are induced in the solid commutating poles by the change 
in commutating flux. In order to correct this lag in the 
commutating^ flux the commutating poles have to be built up 
from laminations, which is not necessary in motors for constant- 
speed work in which the current is not subject to quick changes. 
If the commutating poles are laminated then there is still the 
magnet yoke as a part of the commutating pole flux circuit which 
is of solid material and thus must have a damping effect on the 
commutating flux change. Experience shows, however, that 
elimination of that part of the lag in the commutating flux which 
is caused by the solid commutating poles, is sufficient to make the 
commutating flux change so quickly that it prevents sparking 
at the brushes, making it unnecessary to also laminate the magnet 
yoke. The cross-section of the interpoles should be made rather 
liberal, in order to prevent saturation and to have the right pro¬ 
portion between commutating flux and armature current over 
the entire range of load. 

Whereas the commutating flux circuit should thus be made so 
as to respond as quickly as possible to changes in the current, 
the main flux circuit should be made to be rather sluggish so that 
the change in flux, and thus in speed, when the resistance is 
introduced in the shunt field circuit, will not be too abrupt. 
Simplicity of control tends to make the number of steps used for 
inserting the shunt field resistance as small as possible. In case 
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of motors with 2-1 field control the shunt field resistance often 
is inserted in one step. Under these conditions the magnet yoke 
should have the requisite volume to dampen ^the fiux change 
sufficiently to prevent a too sudden increase in^ speed causing 
discomfort to passengers in the car. Whether this effect can be 
produced by the magnet frame and by the self-induction of the 
shunt coils depends on the frame dimensions. If the motor is 
built with a relatively long armature core the yoke volume may 
be large enough to produce this effect; if not, then there are other 
ways to produce it. One way is to use a short-circuited turn of 
rather large copper cross-section around the main field coils, which 
of course will have a damping effect; another way is to use solid 
main poles. It also can be obtained by the use in the field cir¬ 
cuit of a relay of the fluttering type which strengthens the shunt 
field when the amature current exceeds a certain value and 
weakens the field again when the current drops to a certain value. 

Of great importance in regard to the proper operation of ele¬ 
vator motors is the speed regulation. The elevator should 
run as nearly as possible at the same speed independent 
of the load and whether going up or down. With the 
car loaded to capacity and going up, the motor will pidl its maxi¬ 
mum current; going down with same load the load will overhaul 
the counterweight and will drive the motor as a generator, pro¬ 
vided that the gear friction is not so large as to absorb the 
excess power, which should not be the case with well made gears. 
The maximum generator speed should not exceed the maximum 
motor speed by more than 15 per cent. The generator load^ of 
course will not be as large as the motor load, on account of guide 
rail, rope and gear friction. This friction is very considerable, 
especially the gear friction, so that the maximum generator cur¬ 
rent can hardly be over 1/3 of the motor current for maximum 
load. 

The following factors of the motor design affect the character 
of the speed curve: ohmic drop, main field distortion and local 
brush currents. The ohmic drop in armature and commutating 
pole winding will cause a decrease in speed as motor and an in¬ 
crease as generator, proportional to the current.* The distor¬ 
tion of the main flux will produce a decrease in this flux and thus 
an increase in speed both as motor and as generator with increas¬ 
ing load. For motors with 2-1 field control, however, this field 
weakening will not amount to much, as at normal speed the motor 
has a weak field and consequently the effect of the field distortion 
is rather small. The influence of both these factors can be cal¬ 
culated with sufficient accuracy; not so, however, with the in¬ 
fluence of the local currents. Although it is known how local 
currents under the brushes affect the main flux and thus the speed, 
it has not been possible yet to express this effect in mathematical 
terms. A too strong commutating flux (over-compensation) will 
produce local currents that have the same effect on the main, flux 
as a backward shift of the brushes, whereas a too weak commuta- 
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ting flux (under-compensation) will cause delayed commutation, 
the effect of which corresponds to the effect of a forward brush 
shift. Thus the local currents produced by over-compensation 
have a main field weakening effect in the motor and a strengthen¬ 
ing effect in the generator, whereas those produced by under¬ 
compensation have a field strengthening effect in the motor and 
a weakening effect in the generator. In order to obtain a good 
speed regulation it will be of advantage to make the commuta¬ 
ting flux so that the motor is slightly over-compensated, which will 
increase the motor speed and decrease the generator speed and 
thus will decrease the regulation. By adjusting the commuta¬ 
ting flux strength for full load current at full field, a slight over¬ 
compensation will be obtained at high speed due to the decreased 
saturation of the magnet yoke. In elevator motors, which on 
account of the intermittent service have a rather large output 
coefficient, that is, a high output per unit armature dH and 
thus a large amount of armature ampere-turns, the effect of these 
local currents is very strong. This is illustrated rather strikingly 
by the weak field speed curve of a 30-h.p., 425-850 rev. per. min. 



motor shown by curved of Fig. 18. This curve shows that the 
commutating pole capacity was too small, requiring a strong in¬ 
terpole excitation which thenproduced over-compensation at par¬ 
tial load and under, compensation at overload. Curve B indicates 
the speed curve as it would be ff affected by ohmic drop and field 
distortion only; The difference between curves A and B is 
caused by the local currents. The speed curve A was straight¬ 
ened out by equipping the machine with more liberal commuta¬ 
ting poles which produced the speed curve as given bv curve C 
of Fig. 18. 

As stated already, elevator motors are intermittently rated. 
The normal h.p. of the motor corresponds to the maximum 
elevator load, so that, except for accelerating and braking peaks, 
there will be no overload on the motor, on the contrary during 
most of the time the elevator will be running with an average 
load nearly equal to the over-balance,which makes the load on the 
motor very light. The time rating of the motor, therefore, can 
be taken rather short and varies from J hour to 1 hour. In 
large office buildings and hotels with continuous service the time 
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rating of the motor should be taken longer than for elevators 
with unfrequent service as in small hotels and factories. 

The speed of motors driving the elevator drum or sheave 
through a single or double worm gear should be from 800 to 900 
rev. per min., which on a 2-1 field control basis will make the full 
field speed 400 to 450 rev. per min. With 850 rev. per min. and 
the smallest gear ratio of 20-1 and a drum or sheave of 36 inches 
in diameter the car speed will be 400 ft. per min. Lower speeds 
can be obtained by a larger gear ratio. A slower elevator speed 
also can be obtained at a slight sacrifice in economy by not run¬ 
ning the motor up to its rated high-speed. The motor fields 
should be so designed that the motors can be used for a field con¬ 
trol varying between approximately 1.3 and 2.1. This will help 
the elevator builder out considerably in that he can cover a larger 
range of speed with fewer gears. Worm gear machines are shown 

in Figs. 19 and 20. .nA r 

Worm gears are seldom used for elevator speeds over 400 tt. 

per min. on account of difficulty with vibration noticeable in 
the car and with rapid wear. Due to a demand for geared high¬ 
speed elevators, during the last couple of years the helical or 
herring-bone gear has been used in elevator work.- It is a well- 
known fact these gears are very efficient, efficiencies as high as 
98 per cent having been obtained. The contact between gear and 
pinion is of a rolling nature with almost no friction and thus very 
little wear. These gears when once in alignment will stay in align¬ 
ment, which is not the case with worm gears, which wear out 
due to the friction between worm and gear. In order to avoid too 
large a gear, the gear ratio is considerably smaller than in worm 
gear machines and varies between 6-1 and 10-1. A car speed of 
600 ft. per min. and a sheave diameter of 36 inches will give a 
motor speed of approximately 400 rev. per min. which with a 2-1 
field control ratio will give a motor of 200 to 400 rev. per min. 
and for this kind of service rated at from 20 to 40 h.p. 
limitation in the size of the gear is responsible for a considerably 
lower motor speed than can be used for motors driving worm gear 
machines, so that herring-bone gear machines require a more 
expensive motor. This^ higher motor cost is not altogether a 
disadvantage as the low speed decreases the kinetic energy of the 
motor armature. 

It is desirable to build the armatures of elevator motors with 
comparatively small diameter in order to keep the flywheel 
effect low. However, the importance of this should not be over¬ 
estimated, especially not for tnotors with 2-1 or more field control. 
With every start an amount of work has to be performed for 
accelerating the armature, equal to the kinetic energy of the 
armature at high speed. The kinetic energy is proportional to 
the square of the angular velocity, so that in case of 2-1 field 
control motors, f of the work to be performed for bringing the 
motor armature up to the high speed is done while the armature 
is being accelerated through field weakening. When stopping, 



206 


MOTOR APPLICATIONS 


[Feb. 17 


this I of the total armature inertia is returned either directly or 
indirectly to the supply circuit. It is returned directly in the 
case where the motor is being over-hauled, for this ^ inertia is 
exhausted by regeneration caused by field strengthening. It is 
returned indirectly in the case where the motor is lifting a load 
when the inertia stored in the armature will be spent for moving 
the elevator, thus requiring less power from the supply circuit. 
Of course not all of the work performed during ^ acceleration is 
recovered during retardation, because motor efficiency is less 
than 100 per cent. The relative importance of this loss can best 
be illustrated by an example. 

For an elevator in an average size hotel the total kinetic energ}' 
of all moving and revolving parts at balanced load and^ at the 
speed of 350 ft. per min. is 15,500 ft-lb. (car weight 2650 lb., 
counterweight 3650 lb., capacity 2500 lb.) of which 7800 ft-lb., 
or approximately 50 per cent, are stored in the armature of the 
30-h.p-, 425-850 rev. per min. motor. This motor has an arma¬ 
ture diameter of 14-inches, which is a fairly large diameter for a 
motor of this size. Of these 7800 ft-lb. armature inertia f or 
5850 ft-lb. are developed during field acceleration from | to 
full speed. With a motor efficiency.of 85 per cent the loss due 
to this inertia will amount to: 

- 0 . 85)5850 = 0.33 X 5850 = 1930 ft-lb. 

As 1 kw-hour = 2,653,000 ft-lb., the loss caused by the fly¬ 
wheel effect of the armature for acceleration and retardation 

.00 cycles, 

= 0.728 kw-hr. 

This result clearly indicates that in regard to economy not 
too much attention should be paid to the armature dimensions. 
A large armature flywheel effect, however, means that the start¬ 
ing and braking current peaks will be larger than for an armature 
with small flywheel effect, so that in regard to commutation a 
small armature diameter is desirable. This is especially so for 
high-speed elevators in large office buildings where a quick start 
and stop is required, and thus applies to motors driving herring¬ 
bone gear machines. For medium- and low-speed worm gear 
machines where quick starting and stopping is not so important, 
a small armature diameter should not be considered as a too 
prominent factor. 

Quiet operation is another important factor for elevator motors. 
Magnetic noise in a motor installed at the top or at the bottom of 
a hatchway may carry far and will be a nuisance to the people in 
the building. The noise problem is a study in itself on which 
many papers have been published and will be published, as the 
final solution has not yet been found. A detailed discussion of 
this problem would go far beyond the scope of this paper. ^ A 
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large number of armature slots and large air gaps have proved 
to, be effective means for getting quietly running machines. 


Motors for Low-Speed Elevators 


The service for low-speed elevators usually is infrequent so 
that economy of acceleration and retardation need not be con¬ 
sidered in the first place, but rather first cost of the whole instal¬ 
lation and thus of the motor. For a certain h.p. and normal 
speed the motor without any field control of course is the cheapest, 
for which reason this kind of motor is the proper one for low- 
speed service. In order to get a high starting torque without 
excessive current the motor should have a compound winding, 
to be used only during starting. This compound winding only 
can be effective if the magnetic circuit is not saturated when 
excited by the shunt field alone. It should be of considerable 
strength, making it necessary to cut it out in two steps before 
the motor reaches its full speed, so as to get smooth acceleration. 


These motors are used for single 
or double worm gear machines; 
their speed corresponds to^ the 
high speed of motors for medium- 
speed elevators, with some varia¬ 
tion. The motors are accelerated 
by series armature resistance cut 
out in steps; when stopping the 
armature series resistance is in¬ 
serted in steps, after which the 
motor is very nearly brought to 
a stop by dynamic braking, the 
final stop being obtained by ^ an 
electrically operated mechanical 



for Hizh-Speed Gearless Elevators: The tendency to ob¬ 
tain a certain refult in the most simple way has 
tion of the gearless traction rnachine for 

The word traction in connection withy IS machine IS us 

cate that the car motion is prodyed by ye ^ 

rones on the driving traction sheave, whereas m drum machines 

the car motion is obtained 
of the ropes on a drum. For high buildings 
is absolutely essential, as a drain would he of 
dimensio:^ " Th, fearle^, TfpSpfe of 

is xSresiTeTin ““h -Bch of 500 ft. 

pefSn Tnd sbovelnd those with 2-1 roping, 

in Fig. 22, which.are used for car speeds up to 450 ft. per 


™ The 1-1 traction machine is shown in Figs. 23 and 24 and 

Jiits of a low.speed motor to iX 

is bolted a driving sheave, ihis is m one pieoe wi. ..... 
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wheel. The brake shoes are actuated by steel springs and are 
magnetically released. The idler sheave seen in Figs. 21 and 
22 is resorted to in order to get two half turns, equal to 
one full turn, of the ropes on the traction sheave, which is neces¬ 
sary to obtain the required tractive effort. In order to get a 
motor speed which is as high as possible the diameter of the 
driving sheave should be as small as can be without materially 
affecting the life of the ropes. The smaller the diameter of 
the traction sheave the larger the strain on the ropes when 
passing around it. Experience has shown that the smallest 
allowable sheave diameter for f-in. ropes, which are used for 
1-1 traction, is 30 inches. The same motor should be used 
for the different speeds from 500 ft. per min. up, so that if a 
30-inch sheave is used for 500 ft. per min. a 33-inch sheave will 
give a car speed of 550 ft. per min. and a 36-inch sheave 600 
ft. per min. The motor speed at normal elevator speed then 
will be 64 rev. per min. The maximum load which is to be 
considered for this kind of service, excepting machines for safe 
lifting, will be 3500 lb. which at a hoisting efficiency of 88 
per cent and a speed of 600 ft. per min. will require a motor 
output of 40 h.p. The counterweight overbalance for this 
kind of work usually is taken at from 40 to 45 per cent of the 
capacity load. In an^ elevator installation of an office build¬ 
ing it is usually required that one machine must be able to 
lift safes of a weight of approximately 6000 lb. The simplest 
way to take care of this is to increase the counterweight on 
occasions when safes are to be lifted, in addition to which these 
machines have an additional brake for holding this heavy load. 

Having determined the normal motor speed at 64 rev. per 
min., the question arises how much speed variation through 
field control this motor should have. The motor requirements 
for obtaining economical^ acceleration developed for motors 
driving worm gear machines also apply to gearless motors, 
that is, the economy of acceleration will increase with increas¬ 
ing field control ratio. However, there are more points to be 
considered. A look at the worm gear machines as shown in 
Figs. 19 and 20 will impress the fact that the motor is only a 
small part of the complete elevator machine, so that an increase 
of the field control ratio of the motor, increasing the cost of the 
motor, will only to a small extent affect the cost of the entire 
elevator installation. For a gearless machine, however, the 
conditions are entirely different, as a look at the machine of 
Figs. 23 and 24 will show. In this machine the motor is by 
far the greatest part of the coniplete elevator machine, so that an 
increase in the field control ratio, which will increase the si 7 e and 
the cost of the motor, will materially alfect the c5t of the com 
plete machine. An increase in acceleration economy, therefore 
can only be obtained at an increase in the purchasing price of 
the machine. ^ This means larger yearly depreciation and in¬ 
terest on the invested capital which may make up for the sav- 
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ing in power consumption during acceleration. There-is yet 
another reason why the field control ratio for gearless machines 
should be taken lower than for geared machines. Consider¬ 
ing only the self-induction of the shunt field coils, in the case 
of the 30-h.p., 425-850 rev. per min. motor mentioned under 
worm gear machines it will take 0.45 second for the field to 
decrease from its full field value to its high speed value if all the 
resistance is inserted in one step, whereas in the gearless motor 
with a field control ratio of 1.18-1 it will take the field 0.8 second 
to decrease from full field strength to normal speed value, which 
is 85 per cent of the full field strength. In addition to the effect 
of the self-induction of the shunt coils, comes the delaying 
effect on the flux change by eddy currents in the magnet yoke. 
This effect of course is much more pronounced in the heavy 
frame of the gearless motor than in the light frame of the worm 
gear motor. If the field control ratio of the gearless motor 
were increased considerably beyond 1.2-1 this would neces¬ 
sarily increase the time required for the weakening of the field 
to such an amount that it would be impossible to obtain quick 
acceleration, a very important item in high-speed elevator 
work. Whereas in motors driving worm gear machines, means 
have, to be employed to increase the sluggishness of the motor 
in regard to flux changes, the opposite is true for gearless motors, 
in which special care has to be taken that the magnet yoke is 
not too sluggish. A field control ratio of from 1.15 to 1.20-1 
seems to be the most favorable. 

In designing this gearless motor special attention has to be 
paid to speed regulation and efficiency and in doing this the 
heating will take care of itself. A low-speed motor like this 
necessarily has low no-load losses and a comparative large 
amount of copper losses, the ohmic drop also being responsible 
for a considerable drop in speed with increasing load. In order 
to limit this speed regulation to 15 per cent from maximum 
load as motor to the corresponding generator load the current 
density in the armature copper is to be kept fairly low, which 
at the same time is productive of a good efficiency and low 
heating. The motor shown in Figs. 23 and 24 has the high full 
load efficiency of 83 per cent. The partial load efficiencies of 
course are still higher, which is an advantage in elevator work, 
where most of the time the load will be below the maximum 
car capacity. 

Due to the low speed the kinetic energy of the motor armature 
is very small and amounts to only 1620 ft-lb. for the motor 
of Fig. 23, whereas the inertia of the whole elevator system 
(car weight 3000 lb., counterweight 4300 lb.) at balanced load 
and 600 ft. per min. amounts to 20,700 ft-lb., so that the 
armature only is responsible for 7.8 percent of the total inertia 
(approximately 50 per cent in a worm gear machine). This 
shows that it is no advantage to build the armature of gearless 
motors with a special small diameter for the purpose of limiting 
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the flywheel effect to the lowest possible value. A large arm¬ 
ature diameter and thus a short armature core has the distinct 
advantage of decreasing the over-all length of the machine and 
making it possible to build the machines with a large ^ number 
of poles. This will shorten the armature end connections and 
thus decrease the ohmic resistance of the armature winding, 
causing an increase in efficiency and a decrease in speed regula¬ 
tion, both very desirable accomplishments. 

The gearless motor referred to in this paper has 8 poles and 
no commutating poles. Due to the low speed satisfactory 
commutation can be obtained without resorting to commutat¬ 
ing poles, against the use of which there is a serious objection 
on account of the increase in ohmic drop and thus in the speed 
regulation, caused by the commutating pole winding. 

Compactness and short over-all length are very desirable 
features for these machines. In order to be able to mount the 
machines, driving a bank of elevators, side by side, the over-all 
length should not exceed 6 ft., which will allow enough space 
between adjacent machines for an attendant to pass between. 
If this is not done it may be necessary to double-deck the ma¬ 
chines, that is, mount alternate machines in two tiers, which of 
course is undesirable in regard to the cost of the building and 
accessibility. 

The cycle of control of these motors is the same as for worm 
gear machines except that in addition to the resistance used 
during acceleration in series with the armature, resistance is 
also used in parallel with the armature. This last feature 
produces dynamic braking during retardation before the arma¬ 
ture is disconnected from the line and short-circuited through 
the dynamic braking resistance. This is very helpful in mak¬ 
ing smooth stops. 

Due to a demand for elevators with a speed of from 400 to 
450 ft. per min. wdth larger capacity than is usual for 1-1 ma¬ 
chines the 2-1 gearless traction machine has been developed, 
the principle of which is shown in Fig. 22, and this is being 
used extensively for department stores. Due to the rope 
sheave on car and counterweight the speed of the car is half 
the rope speed, thus permitting the use of a higher speed 
motor^ and thus a smaller motor than used for 1-1 roping. 
As |-inch ropes are commonly used for this kind of work a 
smaller traction sheave than in the 1-1 machine can be used. 
x\t 450 ft. per min. car speed, 900 ft. per min. rope speed and 
with a 28-mch sheave the motor speed will have to be 123 rev. 
per min. ^ Due to the fact that this motor is smaller than the 
previously described and thus has a smaller magnet yoke, 
the field control^ ratio should be made somewhat larger, 1.3-1 
b^ng a good ratio, giving a motor speed of 95-123 rev. per min. 
ihe higher speed and the larger field control ratio of this motor 
necessitate commutating poles in order to obtain satisfactory 
commutation. The construction of this machine is entirely 
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along the lines of the 1-1 machine and the only reason that it is 
notusedinthe place of the 1-1 machine, thanw"fi.ich of course it is 
cheaper, is because the high rope speed, equal to twice the car 
speed, makes rope wear very considerable. For this reason it 
is seldom used for rope speed higher than 900 ft. per min., cor¬ 
responding to a car speed of 450 ft. per min. 

Application of Flywheels to Motors 

K. A. Pauly: The use of flywheels in connection with motors 
has an important bearing upon the design of the machine to 
which the flywheel is applied; and further, the design of the 
flywheel motor unit should properly be a balance between the 
advantages to be gained by the use of the flywheel and the 
disadvantages resulting from the special features in the design 
of the motor necessary to make the wheel effective. The fly¬ 
wheel is a simple and efficient means of storing energy in rela¬ 
tively small quantities and discharging it at a high rate for short 
periods, and is, therefore, especially applicable to motor appli¬ 
cations where the motor is called upon to meet high momentary 
overloads. 

' Obviously, one of the advantages to be gained by the use of 
a flywheel when properly applied is a reduction or practical 
elimination of the peak demands for power by the motor, which, 
depending upon conditions, may materially affect the capacity 
of the generating, transmitting and transforming equipment 
required for supplying power to the motor, as well as the ca¬ 
pacity of the motor itself. To obtain the benefits from the fly¬ 
wheel, however, it is necessary to so design the motor, in con¬ 
nection with which it is used, that the speed will automatically 
drop through a greater range with an increase in load than 
is the usual practise for such motors when no flywheel is used. 

The simplest methods and those commonly used for obtain¬ 
ing this result are to give direct-current motors an accumulative 
compound winding and to insert a fixed resistance in the rotor 
circuit of induction motors. With an equipment of this type, 
equalizing of the load is only partial except where the peak 
loads are of extremely short duration and the flywheel large in 
proportion to the energy required. Where the peak load is 
sustained for any considerable period the actual reduction in 
the power demand may be small, and in some cases no reduc¬ 
tion may be made, the whole effect of the flywheel being simply 
tp round off the corners of the load curve, unless an excessively 
heavy wheel is used. Where this is the case, advantage may 
be taken of automatic means of controlling the field of the direct- 
current motor or the resistance in the rotor circuit of the in¬ 
duction motor as the load increases, and vice versa, allowing 
the flywheel to operate through a greater range in speed for the 
same maximum demand for power by the motor and at the same 
time obtain a reasonable efficiency over the cycle. 

Increasing the speed range through which a motor flywheel 



212 


A^OTOR APPLICATIONS 


[Feb. 17 


unit operates may increase the cost of the motor, lower its 
efficiency, complicate the control, and have material effect 
upon the work both as to quantity and quality, while the effect 
on the flywheel will be to reduce the cost as well as lower the 
power required to drive it, from which it follows that the de¬ 
sign of the combined unit to accomplish definite results, must 
always be a compromise. 

The most common uses of flywheels in connection with 
motors are those for punch presses, air compressors, which are 
usually driven by compound-wound direct-current motors^ or 
induction motors with fixed high resistance rotors, rolling mills, 
the motors driving which are controlled by all three methods, 
and indirectly to mine hoists. 

A-C. Commutator Motors • 

E. F. W. Alexanderson (by letter): There are two distinct 
reasons for the use of a-c. commutator motors which must not 
be confused, although both of these reasons may apply for a 
certain motor application at the same time. The one is that the 
use of commutators makes it possible to operate motors on single¬ 
phase power circuits in cases where high torque starting duty is 
required. The other reason for the use of commutator motors 
is the fact that they are adapted for operation at variable speed. 
The faults of the commutator motors are greater expense and 
greater maintenance than for either induction motors or direct- 
current motors, and the use of the commutator motor is not 
justified unless either one or both of the above-mentioned con¬ 
siderations is important enough to warrant a greater expenditure 
in the cost of the motor. 

As examples of motor types that have been developed to meet 
the various requirements that come under the above classification 
the following can be mentioned: 

A form of commutator motor is widely used on single-phase 
power circuits for high starting duty which operates at only one 
constant speed. The characteristics of this motor are substan¬ 
tially like an induction motor and the principal object of the 
commutator is to give a high starting torque. Incidental advan¬ 
tages can be derived from the use of commutator by the improve¬ 
ment of power factor. These motors are manufactured in slightly 
varying forms under various names; but they can, as a whole, 
be said to have only one function—to provide heavy starting 
service with single-phase power. 

The motor of the other extreme type is the three-phase variable- 
speed motor. The only essential function of this motor is to 
provide variable speed with alternating current. In all other 
respects the induction motor would be preferable, while the com¬ 
mutator makes possible improvements of power factor. 

The limitations of starting torque in alternating-current com¬ 
mutator motors are so well known that they are not worth re¬ 
viewing. It may suffice to say that it is purely a problem of the 
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designer. Motors must be designed so that they will success¬ 
fully take care of the starting duty for which they are intended. 
For this purpose the designer must work ^with rather close mar¬ 
gins, and the motors when properly designed do not have the 
excess starting torque of the direct-current motor. 

While in principle the method for speed variation yn alter¬ 
nating-current commutator motors is the same as in direct-cur¬ 
rent motors, there are a number of practical limitations in the 
design of the motor proper as well as the controlling device, so 
that a variable-speed a-c. motor has essentially different charac¬ 
teristics from the corresponding d-c. motor with which the opera¬ 
tors are familiar. It is important that these differences should 
be understood by the prospective users of variable-speed a-c. 
motors because these motors have undoubtedly been barred from 
a great many useful applications due to misunderstanding be¬ 
tween operators and designers of what the real requirements are. 
An operator who has been in the habit of using variable-speed 
d-c. motors has naturally grown into the habit of thinking of a 
variable-speed motor as one with adjustable-speed shunt charac¬ 
teristics, and has possibly been led to assume that it is essential 
for the successful performance of his service that a motor should 
have those characteristics. If a prospective motor application 
is looked into strictly on this basis, the designer must usually 
give the answer that it is either impossible to meet the require¬ 
ments, or that the combination of motor and controller would be 
too expensive to be acceptable. In many cases where these 
motors have been investigated and where it was believed that an 
a-c. motor to be acceptable must have the characteristics of a 
d-c. shunt motor, it was found later that the relations between 
speed and torque which are characteristics of the simplest form 
of variable-speed a-c. motor serve the purpose just as well. 

A number of important motor applications have been made in 
this way, for instance, spinning frames and printing presses, 
and there is no doubt that many more industrial applications of 
similar character will be found. On the other hand, it is recog¬ 
nized that there are motor applications, such as machine tool 
drive, where adjustable constant speed is essential. The prob¬ 
lem of meeting this requirement with a-c. motors has already 
been solved in several ways. It is expected that adjustable-speed 
motors will be found valuable in such cases, whereas the cost will 
necessarily be a good deal higher than that of the corresponding 
variable-speed motor with series characteristics. The use of an 
adjustable-speed shunt motor should, therefore, never be ad¬ 
vocated unless it is definitely proved that the simple variable- 
speed motor with series characteristics would not ^ be suitable. 

Synchronous Motors and Their Characteristics in Connec¬ 
tion WITH Their Application 

C. J. Fechheimer: For many years the synchronous motor 
was not looked upon as a desirable motor for the drive of .other 
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machinery, not even for power factor correction, because of 
three features which were couvsidei'ed objectionable. These were 
(1) difficulty in starting; (2) the tendency to hunt; (3) the neces¬ 
sity for using direct-current excitation. 

Of these three objections, the first was probably of greatest 
moment. For many years, an auxiliary machine was generally 
used to start the synchronous machine, and when the motor 
was brought up to speed, it was synchronized, lamps or a synchro¬ 
scope being employed. In recent years, however, successful 
efforts have been made to make the motor self-s,tarting and 
surprisingly gratifying results have been achieved. It is even 
possible so to proportion the motors that the starting character¬ 
istics in breaking from rest are as good as those which obtain 
in squirrel cage induction motors for the corresponding ratings. 
As will be subsequently pointed out, it is not always desirable 
to secure such starting characteristics. 

The application of squirrel cage windings to laminated pole 
rotors, or the use of solid poles, not only secures good starting 
characteristics, but also'practically eliminates the tendency to 
hunt. In fact, when modern synchronous motors are installed, 
little or no thought is given to the hunting tendency. This 
improvement in synchronous motor operation is partly due to 
the use of steam and water turbine drive for generators and to 
improved transmission line design. 

Most of the large stations have direct-current busbars, so that 
no additional equipment is needed to excite the synchronous 
motors. In installations in which there is no source of direct 
current immediately available, the exciter is frequently direct- 
connected to the synchronous motor, and the exciter and 
the motor are started as one unit. By the time the synchronous 
motor reaches synchronous speed, the exciter will have generated 
sufficient electromotive force to excite the fields of the synchron¬ 
ous motor. This also applies to synchronous motors driving 
direct-current generators, in which case the generated direct 
electromotive force, if not too high, may be used as exciting 
electromotive force. 

In order thoroughly to understand the applications of synchron¬ 
ous motors, we shall point out the limitations in ratings and 
capacities, and in order to indicate the advantages which may 
be obtained by use of synchronous motors in some applications, 
we give a set of curves of the motor's characteristics. 

The synchronous motor, as its name indicates, necessarily 
runs at constant speed, after it has been synchronized. No 
developments up to the present time have indicated that it 
is at all adapted for use as an adjustable-speed motor. One of' 
its advantages is that its speed remains fixed, irrespective of the 
load^ or excitation, until the breakdown point is reached, as¬ 
suming constant frequency. Like the induction motor, but 
unlike the direct-current motor, the breakdown point in torque 
depends upon the proportions in the motor, upon the load which 
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has been applied, and upon the impressed electromotive force. 
Unlike the induction motor, however, there isfio falling off in 
speed up to the breakdown point, and the pull-out point in 
regard to load can be altered, not only by the magnitude of the 
impressed voltage, but also by the amount of exciting current. 
Most commercial synchronous motors are so designed that they 
will have approximately double normal torque at the pull-out 
point, when the excitation required for normal operation is 
applied. It is seldom that more than this is demanded. 

While the starting torque of the synchronous motor may be 
made equal to that of the squirrel cage induction motor, the 
torque falls off rapidly as synchronism is approached, as will 
subsequently be pointed out. Hence, if the motor is to start 
certain kinds of apparatus which demand large torque near 
synchronous speed, such as fans, or centrifugal pumps, this 
characteristic may be one limitation. 

In the synchronous motor, as in nearly all electrical machinery, 
the principal limitation other than magnetic saturation is temper¬ 
ature rise. If the motor is to be used for power factor correc¬ 
tion, it frequently happens that it must be made larger than would 
otherwise be necessary, owing to the limitation imposed by 
the temperature rise of the field coils. 

If the field coils are insulated between turns or to ground 
with organic fibrous material, such as paper, cotton, or linen, 
it is important for the operator to observe the temperature rise 
in them, especially if the tendency is to over-excite them. He 
may conveniently note the change in voltage required to send 
the exciting current through the field coils, and therefrom cal¬ 
culate the temjjerature rise. If non-combustible material such 
as mica or asbestos is used for insulation in the fields, the 
operator need not be alarmed regarding the temperature rise of 
that member, except in so far as the stator temperature may have 
been influenced thereby. If the.stator be insulated with fibrous 
material between turns or to ground, it is important that tempera¬ 
tures below the charring point of such insulation be maintained. 
Otherwise, a serious breakdown and short-circuit may occur, 
resulting in temporary disuse of the apparatus. In the smaller 
sizes of synchronous motors, rotor temperature rise is usually a 
very serious limitation; so much so, that up to approximately 
75 h.p., the induction motor is smaller'and cheaper. It is also 
considered an extra complication to have direct-current excita¬ 
tion for small units. The field of application of small synchron¬ 
ous motors is‘consequently limited. 

CharacterIvSTic Curves 

The most useful curves, and also those which are most easily 
determined from test, are the open-circuit saturation and short- 
circuit curves. To these should be added in order of importance 
the zero power factor saturation curve, with leading current. 
From these the load saturation curves at other power factors 
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mav be determined. In Fig. 25 are shown these, as well as the 
lag-ring current zero power factor and core loss curves. Froin 
the saturation curves we may read the exciting current required 
for the load and power factor corresponding to normal impressed 
voltage. In Fig. 26 are draivn V curves which show the varia¬ 
tion of alternating current with exciting current. _ On these, 
curves may be plotted along which the power factor is constant. 
In Fig. 26 are shown the minimum current, or approximately 
unity power factor, the 80 per cent, leading and 80 per cent 
lagging power factor curves. 

The other curves which are of value are those which pertain 
to synchronous motors during starting. In a paper* by the 



author published nearly three years ago, Fig. 7 illustrates the 
characteristic curves during acceleration -with fields short-cir¬ 
cuited and with squirrel cage -winding. Fig. _8 shows similar 
characteristics with fields open-circuited and with squirrel cage 
-winding. Fig. 9 gives results obtained with squirrel cage wind¬ 
ing removed and fields open-circuited. These curves illustrate 
the marked effect of the squirrel cage winding in producing 
torque. In Fig. 10 are plotted curves of a solid pole machine with¬ 
out squirrel cage -winding and -with fields open. All of these 
curves show that the torque drops off just before synchronism 
is reached. In order to increase the torque near synchronism, a 

*“Self-Startmg Synchronous Motors, ” by C. J. Fechheimer. Trans¬ 
actions A. I. B. B. 1912, Vol. XXXI, page 529. 
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small amount of direct current may be caused to flow in the 
fields, which may be of material assistance. Figs. 11 and 12 
show the effect thus secured, and indicate that there is a certain 
critical value which will produce a maximum torque at a definite 
speed, and that to obtain such maximum torque, the direct 
current should be increased as the speed increases. Below a cer¬ 
tain speed any value of direct current decreases, instead of in¬ 
creases, the torque. It is interesting that a synchronous motor 
will lock into synchronism, if the load be not excessive, without 
any excitation, and will then run as a synchronous motor receiv¬ 
ing alternating-current excitation from the stator. 



FIELD AMPERES 

Fig. 26 

Oscillograms Figs. 2 to 5,in Mr. F. D. Newbury’s paper*, when 
studied in connection with Figs. 7 to 12 from the author’s former 
paper, convey a clear picture of the phenomena from stand-still 
to synchronism, of the transients produced by the varying reluc¬ 
tance of the magnetic circuit due to projecting poles, and those 
caused by temporary changes in connections. There may be a 
tendency of the synchronous motor, when its fields are short- 
circuited, to refuse to accelerate beyond half speed. The remedy 
lies in opening the field circuit, after which the motor will usually 
accelerate without further difficulty. 

*“The Behavior of Synchronous Motors During Starting.” A. 1. E. E. 
Transactions, 1913, Vol. XXXII, page 1510. 
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Operating Features 

It is now general practise to start synchronous motors by 
appl^hng to the stator, voltage lower than normal. This_ is 
generally accomplished by means of auto-transformers from which 
suitable taps are brought out. The connection is usually made 
through oil switches at the switchboard. It is possible, however, 
when lowering transformers are installed, to bring taps from the 
secondary windings of such transfonners, and start the motors 
directly therefrom. In a few limited applications, even with 
motors up to 500 h.p., when such motors are low-speed, it is 
possible to omit entirely the auto-transformers and throw them 
over directly on the line. This practise is not generally recom¬ 
mended, however, and should be employed only with the sanc¬ 
tion of the manufacturers. It is seldom essential to have more 
than one starting voltage, it being generally satisfactory to 
change connections from starting to full voltage, without any 
intermediate steps. In special applications, however, the 
manufacturer may recommend the use of intermediate steps, in 
conjunction with preventive impedance or other suitable arrange¬ 
ment. During the starting period, the voltage induced in the 
field coils is frequently quite high. To reduce danger from this 
source, in some installations, it is advisable to have the fields 
short-circuited, whereas in other installations the fields may be 
left open. It is well, therefore, to accept the recommendations 
of the manufacturing company in regard to the field connections. 

As has previously been pointed out, the synchronous motor 
is not well adapted for the drive of other apparatus, when a 
small amount of power is required. The field of the synchronous 
motor lies: 

1. In the driving of machinery which does not require any 
speed adjustment. 

2. In the driving of machinery where constant speed (as 
is consistent with nearly constant frequency) is important. 

3. In the driving of low-speed machinery, for which induction 
motors are not applicable, due to their large size and low power 
factor. 

4. Initsability to compensate for reactive currents of other 
apparatus on the system. When thus used, mechanical power 
may or may not be supplied. 

This leads to a new classification, in which we vShall endeavor 
to outline more specifically the kinds of machinery for trans¬ 
mission schemes in conjunction with which the synchronous 
motor should be operated. 

(a) The synchronous motor may be used to drive line shafting 
when the starting torque required does not exceed about 50 p^r 
cent of the normal rating of the motor. 

(b) The synchronous motor may be used to drive centrifugal 
pumps or fans when the pull-in torque demanded near synchron¬ 
ous speed does not exceed approximately 40 per cent of the nor- 
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mal rating of the motor, and use is made of a suitable low-resist¬ 
ance squirrel cage winding which decreases the starting and 
increases the pull-in torque. 

(c). The synchronous motor may be used to drive direct-current 
generators* in motor-generator sets, especially in the larger sizes. 

{d) The synchronous motor ma}^ be used in conjunction 
with another synchronous machine, as to form a part of a 
frequency-changer set. 

(e) The synchronous motor is especially adapted for the drive 
of low-speed air compressors, since these generally require 
about 15 to 20 per cent of normal torque for breaking from rest, 
and there is seldom difficulty experienced in pull-in torque require¬ 
ments; furthermore, an induction motor for such low speed has 
very poor power factor. 

(/) The synchronous motor may be operated idle for power 
factor correction only, in which case it is generally given the 
name of synchronous condenser. 

In any of the classifications from (a) to (e), inclusive, the motor 
may or may not be used for power factor correction. It may 
be operated at unity power factor or at leading power factor, 
depending upon service conditions. It should be understood 
that if the motor operates at leading power factor it must be 
suitably designed for carrying the increased current in the field 
coils, as well as in the stator coils. The ability not only to 
operate at unity power factor, but also to compensate for the 
lagging currents of other apparatus on the system is one of the 
most valuable features of the synchronous motor. If the motor 
is used as a synchronous condenser only, it is frequently found 
advisable to operate under-excited, with lagging current, when 
the load on the line is light, to compensate for the charging cur¬ 
rent in the transmission line. By means of suitable automatic 
voltage regulators, the excitation of the synchronous condenser 
may be adjusted with the load to maintain constant voltage at 
the receiver end of the line, or to secure such a load-voltage curve 
as may be found most desirable for the transmission service. 

In' Figs. 27 to 32 inclusive, are shown^ some modern types of 
synchronous motors in various applications. Fig. 27 shows a 
lOOO-kilow^ motor-generator, the motor being wound for 11,000 
volts, three-phase, 60 cycles, 514 rev. per min. Fig. 28 shows a 
synchronous frequency-changer used for transforming 25-cycle, 
6300 volts, three-phase power to 62j-cycle, 2700 or 5400-volt, two- 
phase, and is rated 2500 kilovolt-amperes and operates at 375 
rev. per min. Fig. 29 shows an air compressor driven by a 
synchronous motor, and Fig. 30 shows the rotor of a synchronous 
motor used for air compressor drive. Fig. 31 shows the rotor 
of a synchronous condenser for a 15,000-kilovolt-ampere unit, 
and Fig. 32 synchronous machines which may either be driven 
by waterwheels, or operated as synchronous condensers for power 
factor correction., 
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vSpeed Regulation 

F. B. Crosby: Any investigation or discussion of the opera¬ 
ting characteristics of electric motors which overlooks speed 
regulation is hopelessly incomplete. The importance of this 
factor is so thoroughly appreciated, however, and the characteris¬ 
tics of the more common types of motors so well known, that were 
it not for material progress during the past year in more satis¬ 
factory methods of control I should consider an apology due the 
members of the Institute for speaking on this time-worn subject. 

All motors, whether designed for operation on alternating- or 
continuous-current circuits, readily fall into three distinct divi¬ 
sions when classified on the basis of speed characteristics. 

1st : Constant speed, that is, speed virtually constant, indepen¬ 
dent of changes in load. The compound-wound continuous- 
current motor and the synchronous and squirrel cage induction 
alternating-current motors are typical of this class. 

2nd: Variable speed—that is, speed constant for any given 
load but varying with changes in load. The series d-c. machine 
with armature control and the induction motor with phase- 
wound rotor and external secondary resistance illustrate this 
class. 

3rd: Adjustable speed—that is, speeds adjustable over wide 
range at will of operator, each speed being constant, independent 
of load fluctuations. The one motor which as a single unit will 
fully meet these conditions is the d-c. shunt-wound motor with 
field control. 

For the a-c. representatives of this class it has been necessary 
until .recently to accept a compromise in the form of a so-called 
multi-speed, changeable pole, induction motor, or the more com¬ 
plex arrangement of two such motors in concatenation. 

With the exception of certain machine tools which require 
strictly adjustable speeds throughout a wide range, and such 
applications as cranes, elevators, small hoists, etc., for which 
variable-speed motors are usually satisfactory, the great ma¬ 
jority of industrial applications are successfully met with a 
constant-speed motor. 

The many excellent characteristics of the induction motor 
together with the unquestioned advantages of a-c. systems of ' 
distribution have led to its general adoption even in many 
instances where, from the standpoint of speed control alone, 
a d-c. motor with shunt field control would have been preferable. 

There is still a large and more highly specialized field in which 
the strictly adjustable-speed motor must be employed for one or 
more of the following reasons. First,rin certain processes as, for 
example, the finishing^ passes of mills rolling metal in small sec¬ 
tions, sudden fluctuations in speed render it impossible to pro¬ 
duce a uniform gage, which obviously results in loss of production. 
Again, it is often desirable to. roll the metal at a higher speed than 
is permissible for entering the pass. It is therefore desirable 
and often imperative that the speed characteristics of the driving 
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motor shall be such that when the load falls off as the billet leaves 
the rolls the regulation of the motor will not permit its speed to 
increase automatically to values which render it impossible to 
enter the next billet. 

While variable-speed motors, such as the series d-c. with arma- 
ture^ control or the induction motor with wound rotor and rheo¬ 
static control, may be satisfactory under certain conditions for 

nving mine fans, centrifugal pumps, centrifugal compressors, 
etc., so far as speed control is concerned, their operation at re¬ 
duced speed over long periods is accompanied by excessive pow'er 
consumption due to the low efficiencies inherent with armature 
control. 

For such applications it has been necessary to resort to con¬ 
tinuous-current motors with shunt field control, though it is 
evident that ample incentive exists for the development of a 
simple, efficient and comimercially practicable adjustable-speed 
a-c. motor. The problem is to design one. 

Much has been done both in this country and abroad along 
this line, and the results obtained indicate an early solution 
of the problem, at least in motors of relatively small capacities. 

In a short paper on The Economic Speed Regulation of 
A-C. Motors for Driving Mine Fans ’’ presented at the annual 
meeting of the Mining section of the Institute in Pittsburgh 
in April 1913, I had the pleasure of describing briefly a system 
of adjustable speed control for induction motors which, origi¬ 
nally developed abroad, has been modified and perfected to meet 
American requirements. To distinguish it from armature or 
rheostatic control this system was then designated and will be 
referred to as dynamic control. 

Since that time nineteen of these auxiliar}^ speed-regulating 
equipments have been or are now being installed and are in 
successful operation for , driving mine fans and main rolls in 
steel mills. One of these equipments makes use of the syn¬ 
chronous converter method mentioned below; the remaining 
eighteen involve a somewhat simpler equipment in which a 
three-phase commutator motor replaces the auxiliary rotary 
and d-c. motor of the former method. 

Both methods are applicable to induction motors with phase- 
wound rotors and each accomplishes practically the same re¬ 
sults^, viz: strictly adjustable speed control of the main in¬ 
duction motor at relatively high efficiency and any desired 
power factor up to unity or even leading, throughout the range 
of speed for which it is designed. 

Broadly speaking, the commutator motor method is the less 
expensive for 60-cycle equipments requiring speed regulation 
up to 30 per cent or for 25-cycle equipments requiring regula¬ 
tion up to 50 per cent. For greater range of regulation present 
data would seem to indicate the desirability of the rotary con¬ 
verter method on account of limitations in design of the com¬ 
mutator motor imposed by the higher frequencies encountered 
jas the speed of the main motor is reducedr 
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Incidentally I may say that, in view of the fact that the cost 
of the synchronous converter method of regulation does not differ 
greatly from the cost of a standard motor-generator and direct- 
current motor with shunt field control, I believe there is little 
if any reason for installing the more complex synchronous con¬ 
verter system of speed control. 

This is not the occasion for an extended discussion of ^ the 
theoretical considerations involved in the design of auxiliary 
speed -regulating sets and the following brief remarks are for 
those interested in the practical aspects of the problem of ef¬ 
ficient speed control of a-c. motors. 

The induction motor may well be considered as a simple 
static transformer in which the secondary is free to rotate. 
With the phase-wound rotor blocked and a definite impressed 
primary frequency and potential, the same frequency, and a 
potential determined by the ratio of primary to secondary turns, 
will appear at the slip rings. If the secondary is free to rotate 
the frequency and potential at the slip rings will approach zero 
as the speed approaches synchronism. A series of speed-torque 
and speed-current curves may be plotted for such a motor for 
each value of secondary resistance. It is therefore like a series 
direct-current motor in that its speed varies with the load up 
to synchronism. Its efficiency is approximately proportional 
to the reduction in speed since the secondary losses are always 
equal to the ratio of slip to speed times the shaft horse power, or 



X h.p. = secondary losses. 


If, therefore, we can devise a means of transforming this 
slip energy at varying voltage and frequency and return it to 
the system at line frequency and voltage, at the same time 
automatically substituting the necessary effective resistance in 
small increments to bring the speed back to the desired value 
with each change in load, we shall have achieved the required 
adjustable control at relatively high efficiency. 

With the commutator motor method of dynamic control the 
main motor is started and accelerated in the usual manner with 
automatic current limit. Upon reaching some predetermined 
speed‘the commutator motor is automatically substituted for 
the accelerating resistance. The commutator motor, which 
forms one unit of a two-unit motor-generator, is excited from the 
slip rings of the main motor and because of its series speed 
characteristicvdrives the second unit, which is a standard squirrel 
cage induction motor, slightly above synchronism, causing it 
to operate as an induction generator and return to the system 
to which it is connected the slip energy of the main motor less 
the losses in the motor-generator. 

Perfect speed control is obtained for the main motor by 
manipulating a small three-phase rheostat in the exciting cir¬ 
cuit of the commutator motor. Strengthening this field re¬ 
duces the speed of the main motor, and conversely. 
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It may assist in getting a clearer physical conception of the 
manner in which this is accomplished to recall the speed-torque 
characteristics of the induction motor. When running under 
given conditions of load and secondary resistance the speed 
and slip ring voltage are fixed. .Conversely, if the slip ring 
voltage is constant and the effective resistance varied inversely 
as the load, the speed will remain constant. 

It is evident that any sudden decrease in the load on the main 
motor, for example, produces an instantaneous tendency for 
the motor to accelerate to some speed corresponding to a lower 
slip ring voltage required to force just sufficient current through 
the secondary circuits to produce the new torque values and re¬ 
establish an equilibrium of electrical and mechanical forces. 

At the instant the load falls off, however, the excess slip ring 
voltage corresponding to the speed at that moment, maintains 
in the commutator motor a counter e.m.f. which is equivalent 
to an instantaneous corresponding increase in the effective 
resistance in the secondary circuit of the main motor. This 
increase in effective resistance automatically reduces the second¬ 
ary current to a new value corresponding to the new conditions 
of reduced load, while maintaining the same voltage at the slip 
rings and consequently the same speed, independent of varia¬ 
tion in load. 

With the synchronous converter method the slip energ}^ of the 
main motor is first transformed to continuous current which is 
supplied to a separately excited d-c. motor which in turn drives 
an induction motor-generator. Speed control is obtained by 
varying the field of the d-c. motor. The operation is practi¬ 
cally as described above, except that an additional unit and 
electrical transformation is required. 

Induction Motor Characteristic Curves 

A. E. Averrett: The normal induction motor is essentially 
a constant-speed machine with shunt d-c.' load and speed 
characteristics, but by modifications it can be made to approxi¬ 
mate a series d-c. motor by using a high-resistance rotor, or 
a limited adjustable-speed characteristic by changeable pole 
connections—this latter includes the cascade connections of 
one or more motors. 

The general qualities of the constant-speed induction motor 
are quite well known and are shown in Fig. 33; the starting 
and unstable portion of the curve is shown in dash lines, the 
stable and working range in full lines. 

The efficiency and power factor curve is plotted to torque 
instead of the usual horse power abscissa so the length of the 
diagram expressed in torque will be constant, as it is well known 
that the maximum torque of an induction motor at a given volt¬ 
age is constant and independent of the secondary resistance, 
the effect of a change in this resistance merely changing the 
position at wffiich the maximum torque occurs; it is also well 
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known that within the limits of saturation the torque is pro¬ 
portional to the square of the voltage. 

The effect of increased secondary resistance on the efficiency 
at reduced speeds is readily seen; for instance, at a torque of 
2.4 the slip is 2 per cent, the efficiency 92; at the same torque 

with a slip of 4 per cent the 
efficiency is 90; similarly if 20 per 
cent slip is required it will beconie 
74 per cent, since the torque is 
constant and the speed reduced, 
the horse power output is re¬ 
duced proportional to the speed, 
the power factor and current 
remaining constant. 

Fig. 34 shows starting and 
accelerating curves of the same 
motor with a variable-resist¬ 
ance secondary which may be 
either a phase wound with 
external resistance or different 
squirrel cages of fixed, moderate, 
or high resistance. 

This curve shows more clearly the effect of resistance in the 
secondary on starting torque and current. 

The standstill position has a .slip of 100 per cent, above 100 
per cent the rotation is negative although the slip is positive 
and corresponds to a frequency changer consuming power, and 




Fig. 34 


therefore can be used for magnetic braking by reversing the 
primary lines. At a negative slip and a super-synchronous 
speed the torque becomes negative and therefore instead of a 
motor we have an induction generator returning power to the 
line; at normal frequency the torque curves above synchron¬ 
ous speed are approximately symmetrical with those below 
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syndironism 9-rid. tlicrcforG the power outp'U't 3 .s 3 , ^cner^tor is 
greater than as a motorThis property is especially valuable 
in hoisting work to limit the hoist falling speed, and return 
power to the line. 

Zeio slip is the critical point in regard to torque; at 100 per 
cent the motor rotation stops, but the torque continues positive 
and it is very convenient for investigation to continue the 
curves for large values of resistance and slip beyond the stand¬ 
still point. 

The torque curves for various values of resistance are sym¬ 
metrical but^ shifted to the left directly proportional to the total 
values, for instance on torque curve 1 the maximum torque 
occurs at 7| per cent slip. Assume full load at 2.4 the slip is 
2 per cent, at 35 per cent slip on the accelerating side we have 
just^ enough torque to overcome full load, showing that with 
minimum resistance the load could not be started. 

By doubling the secondary resistance the slip at the same 
torque becomes 4 per cent, the maximum torque the same 
but at 15 per cent slip the full load point for acceleration 70 
per cent and the starting torque twice as large. 

Since the maximum torque is produced by a certain current 
the position of the current curve for maximum torque follows 
the maximum torque point; it is to be observed that both 
maximum torque and current in curve 3 are on the frequency 
generator side of the torque curve, that is, beyond 100 per cent 
slip. 

The same class of curves can be used for showing the effect 
of varying potential as used for starting squirrel cage rotors; 
the dash curves of torque and current corresponding to a 70.7 
per cent compensator voltage tap applied to curve 2, the start¬ 
ing torque being 50 per cent and starting current 70.7 per cent, 
that is, the starting kv-a. on the line and motor being equal, 
allowing for no compensator losses. 

Multi-speed mptors of the changeable pole type have similar 
torque, speed, and efficiency curves for each set of poles. 

^ Roughly it may be said that resistance control of speed 
gives a series characteristic with constant power factor and 
efficiency proportional to speed. 

Changeable pole or concatenated motors, on the other hand, 
give approximately constant speed and efficiency with power 
factor proportional to the speed. Owing to complications in 
connections and the initial high cost this latter type is rather 
limited in application. 

The great majority of induction motors used in this country 
are of the squirrel cage type and where starting conditions 
are suitable they are almost ideal, but if much more than full 
load torque is required at starting the loss in running efficiency 
is objectionable, unless an excessive starting current is per¬ 
missible. For some classes of intermittent service it is practical 
to use squirrel cage motors which will start with the maximum 
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torque, but since all the losses are within the motor the heat¬ 
ing limit is soon reached. 

Under operating features, the following points are of in¬ 
terest. Within the limits of saturation the output and torque 
are proportional to the voltage squared; this will usually hold 
for 15 or 20 per cent over or below normal voltage. 

The maximum torque at constant voltage is, roughly, inversely 
proportional to the frequency, provided the ratio of resistance 
t of reactance of the motor is small. 

The effect of wave shape is usually slight; the principal 
effect of wave distortion is to increase the running light current 
and slightly reduce the power factor. 

The effect of unbalancing either phase, voltages, or angles 
islto increase the heating and decrease the maximum output 
oijtorque; this effect is very important, as a 15 per cent un¬ 
balancing on a good motor may nearly double the heating. 

Single-phase operation of a polyphase motor will cause .the 
motor to fail to start and produce dangerous temperature in 
the'current-carrying phase; if the single-phase operation occurs 
during running conditions the motor may burn out due to 
excessive load or break down. The maximum output of a poly¬ 
phase motor when operating on single phase is slightly less 
than half. 

Small motors may be thrown directly on the line, but where 
large motors are treated in this manner there are apt to be 
serious surges on the line and unless the motor windings are 
extremely well braced there is apt to be injury to the insulation, 
due to crushing force of the magnetic reactions. 

Bearings 

Lee F. Adams: Bearings may be divided into two general 
classes, journal and thrust, depending upon the direction in 
which the load acts. In the journal bearing the load acts at 
right angles to the axis; in thrust bearings, parallel to the axis. 
The bearing surface of all journal bearings is necessarily cir¬ 
cular in cross-section, while for thrust bearings it is ordinarily 
flat. , 

Bearings are also divided into two classes by the kind of 
contact between the surfaces; that is, bearings having sliding 
contact, or ordinary bearings, and bearings having rolling con¬ 
tact, or ball and roller bearings. 

The detail design of the bearing is very important. Provision 
must be made fbr anchoring the bearing metal and for adjust¬ 
ment^ to compensate for wear. Means must be provided to 
perrnit of adjustment so as to insure alignment. Both the 
bearing and journal must be strong enough to resist rupture 
urider the heaviest load, and also must be stiff enough to prevent 

undue deflection. The space between the rubbing surfaces is 
important. 

Chief aiiiong the materials which are used in the construction 
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whfc ^ Steel gun metal, phosphor bronze, 

wonric: alloys, hgnum-vitae, and other hard 

woods. A good bearing metal must meet the following re- 

i?S"not h. i must have strength enough to sustain its loal; 

a sTall it must show 

loss of mptif friction; It must have long life with small 

loss ot metal due to wear; and in general, it will usually be dis¬ 
similar to the metal of the journal with which it is to run This 
true except for hardened steel in contact with hardened 
twin contact_ with cast iron. It is claimed 
that _we^ is more rapid and friction greater when the journal 
and Its bearings are made from the same metal 

The ordinary combinations of metals used for motor shafts 
and their bearings are as follows: 

Hard steel journals in contact with hard steel bearings, used 

for high speeds and moderate pressures. It calls for expert 

wor^rnanship, as both journal and bearing must be accurately 

ground and carefully aligned, and under these conditions the 
service is good. 

Hard steel journals with bronze bearings. This is a good 
combinatioii. 


Hard steel journals with cast iron bearings. The cast iron 
takes on a glazed surface that makes a splendid wearing surface, 
it IS an excellent bearing metal when properly lubricated, 
boiiictiincs the bcciring surface is sherardized. 

^In geneial, hard steel is useful as it may be highly polished 
without becoming charged with the polishing powder.' The polish 
IS very desirable for a bearing surface while the powder re- 
rnaining in the pores of the metal would soon cause destruc¬ 
tion of the containing portion of the 'bearing. 

Soft steel journals with bronze bearings.' This is a very 
common combination. 

Soft steel journals with babbitt bearings. This combination 
is the one most commonly used. 

_ Soft steel journals with Cast iron bearings. This combina¬ 
tion IS used in medium and light weight horizontal motors 
where the bearing pressures are small and the speeds low, and 
is also used for step bearings on vertical motors. As stated 
above, it is an excellent bearing metal when properly polished 
and well lubricated. Sherardizing is sometimes employed. 

Soft steel journals with aluminum alloy bearings. There 
seems to be a certain range within which this bearing is well 
adapted and gives excellent service. 

Soft steel journals with lignum-vitae and other wood bear¬ 
ings. This combination is used for guide bearings in vertical 
motors. 

Cast iron with cast iron. This combination is a great ex¬ 
ception to the disuse of like metals. It is employed for the 
step bearings of vertical machines; close-grained castings with 
highly polished surfaces must be used. < 
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The great majority of motors use babbitt bearings. The 
white metal alloys are solid materials, composed of two or 
more items, such as aluminum, zinc, nickel, tin, lead, copper, 
antimony and bismuth in varying quantities and fluxed and 
alloyed in various ways. Originally babbitt metal ^ had one 
fixed composition, being made up of 90 per cent of tin and 10 
per cent of copper and antimony, the last to make it expand 
when it cools and fill the mold; but at the present time the term 
babbitt metal signifies no definite composition, for there are 
babbitts made up according to three hundred different formulas 
on the market. Except for a few cases, but two babbitts, one 
a lead base alloy, the other a tin base alloy, each being the 
best that can be made, are required for a complete line of bear¬ 
ings, ranging in weight from a few ounces to several tons. 

Lead base babbitt is softer than tin base babbitt, as a general 
rule, and is cheaper because lead costs from one-quarter to 
one-fifth as much per pound as tin. Tt is readily appreciated 
that babbitt can cost anywhere from the price of lead to the 
price of tin, depending on the proportions used. However, 
the cheapest kind of bearing metal which when properly lubri¬ 
cated will give efficient service, is equally desirable, compared 
with the expensive metal which gives no better service. A 
successful bearing is attained only when the metals are melted 
slowly, thoroughly, without overheating, kept at a constant 
temperature while working, and poured properly at the correct 
temperature. Pyrometers should be used to conti'ol the tem¬ 
perature. * 

However, other things than an unsuitable babbitt metal 
may cause bearing troubles. Failure of lubrication, an un¬ 
suitable lubricant for the pressure and speed conditions, or 
looseness of babbitt in the bearing shell will cause trouble. 

All lubricants fall into three classes: oils, greases and solids. 
The oils are again divided into three divisions as regards origin: 
vegetable, animal and mineral. 

Vegetable oils commonly employed are linseed, cotton seed, 
rape and castor. These oils decompose at comparatively low 
temperatures and are used chiefly for compounding with mineral 
oils. 

Animal oils or fats ordinarily employed are tallow, neat’s 
foot, lard, sperm, wool grease and fish oil. Like vegetable oils, 
they decompose at comparatively low temperatures and are 
used^ chiefly^ for compounding with mineral oils. 

Mineral oils are all petroleum products, and form the whole, 
or the greater part, of most of the lubricants employed. 

Compounds of oils and fats containing sufficient soap to 
form a more or less solid mass at ordinary temperatures, are 
called greases. For very high pressures the solid lubricants 
are sometimes added to the grease. 

Solid lubricants used are dry graphite, talc and mica. They 
are employed only for low-speed work where the bearing 
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surface is restricted, in area and the load to be carried is very 
larg^ ^ Metaline is a solid compound, usually containing 
graphite, made in the form of small cylinders which are fitted 
perrnanently into holes drilled in the surface of the bearing. 
Bearings thus fitted will run without any other lubrication. 
Water has also been used as a lubricant. Disintegrated graphite 
m oil or water has been used with success. 

generally accepted qualifications of a good lubricant 

follow: 

First. Body {i.e., viscosity) enough to prevent the surfaces 
to which It is applied from coming in contact with each other. 

Second. ^ Freedom from corrosive acid, of either mineral or 
animal origin. 

Third. As fluid as possible, consistent with sufficient body. 

Fourth. Low coefficient of friction. 

Fifth. High “ flash and burning point. 

Sixth, freedom from all materials liable to produce oxida¬ 
tion or gumming.” ^ 

The examinations to be made, to verify the above, are both 
chemical and mechanical, and can only be made satisfactorily 
in a laboratory. In the selection of lubricants, the conditions 
under which they are to be used should first be approximated— 
%.e.^ pressure, speed, and in some cases, temperature. It is 
the practise in many places to use the same oil for all machines, 
but this is due to failure in appreciating the value of different 
lubricants rather than economy. 

The point of application of the lubricant is of utmost im¬ 
portance, and the method of applying the lubricant to the 
journal sometimes materially affects the design of the bearing. 
Ihe most common methods of feeding lubricants to rubbing 
surfaces^ in motors are: compression grease cups, wick or 
siphon feed, oily pad pressed against the journal, oil rings or 
chains, centrifugal means from an oil well, bath of oil, flooded 
and forced lubrication. 

Ring lubrication is the preferred form for most horizontal 
motors. The oil reservoirs, dimensions of rings, and oil grooves 
in the bearings must be carefully designed, as a defect in any one 
will materially affect the heating. A recent improvement is the 
substitution of a number of laminations instead of a single oil 
ring. This decreases the possibility of the oil ring sticking, 
because with a number of laminations it is not probable that 
all of them would stick at the same time. 

Vertical motor step bearings are generally submerged in 
oil, and are provided with radial grooves in the journal which 
allow the oil to be forced over the bearing surface according 
to its shearing resistance, and at the same time to be circulated 
through the grooves by centrifugal force, the oil returning to 
the reservoir. Sometimes the excess oil from the step is taken 
up through the guide bearings and then retiirned to the reservoir. 
If very great pressures have to be carried at high speeds on step 
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bearings, the weight is usually supported on a film of oil or 
water, maintained by pressure, in which case grooving is not 
used. 

For large horizontal bearings, a foot or more in diameter, 
flooded oil lubrication is generally used and water circulation 
is often necessary in addition to the oil lubrication in order to 
dissipate the heat. Where flooded oil lubrication is used, the 
bearings are constructed so as to catch all the oil, as it leaves 
the journal, and pipes carry it to a central receiver. A pump 
continually circulates the oil to the various bearings, and in 
the modern installations the oil is filtered and cooled during the 
circuit. ^ This same process is generally followed when forced 
circulation is employed. Compression grease cups and wick, 
or siphon feed lubrication are frequently used on small motors 
where the bearing pressures are small and the speed low. Waste 
bearings have been successfully used, at moderate speeds, for 
small motors for continuous service, and on larger motors for 
short time service. 


Ball and roller bearings have been used in electric motors to 
a limited extent. In vertical motors they have been used in 
the step bearings and sometimes in the guide bearings also. 
In horizontal motors they have had a comparatively limited 
use, although the trend of public sentiment today is toward 
ascertaining the relative cost, considering lubrication and up- 
ke^ under the severe conditions that motors must meet. 

Ihe fnction of ball and roller bearings at moderate and 
ni^ motor speeds is practically the same as the well designed 
babbitt bearing, on account of the fact that at these speeds 
the journal runs in a film of oil and not on the metal. It is a 
well known fact, however, that at low speeds the friction of 
ball and roller bearings is less than the babbitt bearing. The 
ball beanng generally used consists of an outer ball race, an 
inner ball race, and one or two rows of balls. In the produc- 

1 ball bearing, attention must be given to 

ye selection of the steel; to the selection and careful calibra¬ 
tion of the balls, their hardness and homogeneity; to the hard- 
emng and tempenng of the bearing races; and to accurate ma¬ 
rine work, close gnnding and finishing. The carrying capacity 
ya.nes with the number and size of the balls. Where ball re¬ 
tainers are used they should be so substantial in construction 
as to be the last part of the bearing that fails. This is particu- 

bearings are usually 
azes, for a given bore, so as to cover a wide 
range of loads. Beanngs of diflerent manufacture are so ar- 

whem'^tlfp la interchange with bearings of other manufacture 

of sequent numbers is compared. 

a shaft^lr consists of a smes of rollers surrounding 

of holdil.^ fhp u ^ yoke or cage, for the purpose 

of holding the rollers m alignment. Inner and outer sieves 

or linings are provided, on which the rollers operate. The same 
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requirements for a good ball bearing apply equally to the 
roller bearing. These bearings are also made in various sizes 
for a given bore, thereby covering all reasonable conditions of 
length, load, and general requirements. Both ball and roller 
bearings are made to carry radial loads and for carrying thrust, 
either horizontal or vertical. 

Both ball and roller bearings must be carefully mounted, 
otherwise they are liable to make considerable noise. The 
balls must all be finished to exact dimensions, otherwise one or 
more balls would take all of the load and probably cause the 
failure of the bearing. When one ball, or roller, is crushed, it 
always results in injury to the others, and frequently to the races. 
It is impossible to supply only one ball, or roller, to the bear- 
ing, because on account of the wear on the others, this new ball 
or roller would take all of the load and result in failure of the 
bearing. The fact that ball or roller bearings need very little 
attention,^ often^ misleads users to think that no attention 
whatever is required after the bearing is once installed. Even 
the most careful mounting of the best ball or roller bearing 
attainable could not prevent this bearing from suffering severely 
through lack of proper attention towards maintaining perma¬ 
nently the properties of the lubricant, the exclusion of grit and 
water, and the cleanliness of the housing. The only requisite 
for a proper lubricant for ball and roller bearings is a chemically 
neutral lubricant, ^free from acid or alkali, and of such con¬ 
sistency that it will circulate freely. Oil is recommended for 
high-speed horizontal motors, and in most cases for vertical 
motors; whereas for low-speed motors a good grade of grease 
is^ to be preferred. Ball bearings should, however, operate 
with any density of lubricant. 

In the application of ball and roller bearings, a very careful 
selection must be made, based on the power required, speed 
of the shaft, size and frequency of overload, and possibility of 
vibrations and shock. 

Step bearings may be ball or roller bearings, forced lubricated 
or pumped bearing or the collar bearing. The ball bearing 
may have either grooved or plain i^lates. The roller bearing may 
be the straight roller, parallel roller, or taper roller. The 
collar bearing is used considerably here and abroad. When 
the collar becomes so large that there is liability-of buckling 
due to unequal heat, it is sometimes divided into segments. 
Collar bearings are also arranged in series somewhat like the 
steamship propeller thrust bearings. 

Motor Characteristics 

C. A. Adams: I wish to emphasize two points relating to 
motor characteristics. First, it is often assumed that motors 
will commutate at any load because the commutating flux is 
assumed to be proportional to the current; but the curves 
exhibited this morning by Mr. Lanier show that the saturation 
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of the commutating pole takes place at a much lower current 
than is ordinarily assumed, chiefly because of the very large 
magnetic leakage. There is thus a perfectly definite upper 
limit, a certain percentage of overload, beyond which the ma¬ 
chine will not commutate satisfactorily, and just as much care 
should be taken in applying a commutating pole motor to a 
service which requires excessive overloads for short periods as 
there is in the case of a non-commutating pole motor. There 
is a commutation limit in each case, which should be clearly 
understood as between manufacturer and user. 

The second point relates to methods of obtaining several 
speeds from induction motors by either changing the number 
of poles or by concatenation. In the first case the motor 
characteristics are sure to be poor at one speed or the other, 
usually at all speeds; either the reactance or the exciting 
current or both being excessive. 

In the case of concatenated or cascade-connected induction 
motors, both the reactance and exciting current double up, 
i,e., they add together, so that the stalling torque at concaten¬ 
ated speed is about half that of the t’wo motors separately oper¬ 
ated. The power factor is also very low. These defects are 
not usually fully realized by engineers. 
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EFFECT OF MOISTURE IN THE EARTH ON TEMPERA¬ 
TURE OF UNDERGROUND CABLES 


BY L. E. IMLAY 


Abstract of Paper 

The author describes a permanent installation which was made 
for supplying moisture to the earth in the neighborhood of under¬ 
ground cables with the object of reducing their temperature. 

The approximate temperature of the cables is found by taking 
with a resistance thermometer the temperature of a duct adjacent 
to the cable which is the source of heat. In uncovering the con¬ 
duits and exposing them to air, as a remedy for hot spots in the 
cable, it was found that the adjacent earth was hot and dry so that 
it crumbled to powder. This suggested opening a ditch in the 
ground above the conduit and directing a stream of water 
through it. This was found to lower the temperature immedi¬ 
ately several degrees. Where an open conduit was not practical, 
water was discharged into a vacant cable duct by means of a 
hose and this was found to be more effective than the open ditch 
method. 

These experiments led to the installation of a line of porous tile 
duct in the earth above the conduit, surrounded with clean sand. 

The leakage of water through the pores of this duct has been 
found very effective in reducing the temperature of the cables. 
Whenever the temperature of the cables is found by exploring 
with a resistance thermometer to approach the danger point, 
water is turned into the porous drain tile, and the temperature is 
taken on successive days to see whether the desired reduction has 
been obtained. In this way one or two men, with resistance 
thermometers attached to long leads, can keep track of and 
control the temperature of the cables in a large system. No 
breakdowns of insulation of cables have occurred due to high 
temperature since the adoption of this method. 

ITRE purpose of this paper is (1) to describe a con- 
A venient method adopted by the Niagara Falls Power Com¬ 
pany of determining the temperature of the insulation of under¬ 
ground cables carrying load; (2) to present the results of some 
field investigations made to determine the temperature of the 
earth and distribution of heat therein adjacent to underground 
cables; (3) to show the effect on the temperature of introducing 
moisture into the earth; and (4) to describe, methods that were 
devised for supplying moisture where needed to reduce the 
temperature and thereby increase the carrying capacity of 
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cables. The data herewith submitted were taken in the field 
for a practical purpose; consequently there was no justification 
for the refinements of laboratory measurements. 

(1) It is not practicable to measure directly the tempera¬ 
ture of the insulation of a cable at the surface of the conductor, 
without resorting to apparatus that is not suitable for general 
use over a cable system. For practical purposes, however, the 
temperature of the conductor can be obtained by exploring with 
a resistance thermometer the temperature of a duct adjacent 
to the cable that is the source of the heat. As we are princi¬ 
pally interested in maximum temperatures, a cable should be 
selected for this purpose that is most unfavorably situated for 



Fig. 1—3/0 Three-Conductor 11,000-Volt Paper and Lead Cable 

radiation of heat. This cable can usually be selected by in¬ 
spection. If the cables are situated as in Fig. 5 and tempera¬ 
tures are taken in duct marked T, the temperature of the in¬ 
sulation at the surface of the conductor is taken from a curve 
that applies to that particular cable. Fig. 1 is the curve for a 
'3/0, three-conductor, ll,0G0-volt cable, and Fig. 2 is the curve 
for 1,250,000-cir. mil, 2200-volt cable. For example, if a 3/0, 
three-conductor, 11,000-volt cable is carrying 170 amperes and 
the temperature of the adjacent duct T is 39 deg. cent., the 
temperature of the insulation at the surface of the conductor is 
72 deg. cent. These curves are deduced from a formula given 
by Messrs. Atkinson and Fisher in a paper presented in 1913 
and published in Vol. XXXII of the A. I. E.E. Transactions 
page 325. 
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The temperature at which paper-insulated lead-sheath cable 
can be operated safely has been carefully investigated, partic¬ 
ularly by Mr. Henry W. Fisher. Some of the results of his 
investigations are given in the paper above referred to and in 
Foster's Handbook and the Standard Handbook. The maxi¬ 
mum safe limiting temperature of paper insulation at the surface 
of the conductor in a cable, as stated in the Standardization 
Rules of the A. I. E. E., is 85 deg. cent, less a number of degrees 
equal to the kilovolts at which the cable is operated. In the case 
of a three-conductor, 11,000-volt cable, the limiting temperature 
of the insulation at the conductor is therefore 74 deg. cent., and 
in the case of a 2000-volt cable the limiting temperature is 
83 deg. cent. 



Pig. 2—1,250,000-Cir, Mil Single-Conductor 22,000-Volt Paper 

AND Lead Cables 

It was decided to adopt 66 deg. cent, as the maximum tem¬ 
perature for continuous operation of 11,000-volt paper-insu¬ 
lated cable, and 75 deg. cent, as the maximum temperature for 
continuous operation of 2200-volt paper-insulated cable. This 
is eight deg. cent, lower than the safe limiting temperature 
specified in the Standardization Rules, which are based on 
fluctuating loads with peaks of short duration. 

(2) To get some idea of the seasonal variation in the tem¬ 
perature of the earth, readings were taken each month in the 
year at a point about three ft. below the surface of the earth* 
This point was chosen near a section of conduit where over¬ 
heating of cables had occurred, but at such distance that it 
was practically unaffected by heat from the conduit. In 
Pig, 3 the lower curve shows the seasonal variation in the 
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temperature of the earth. The upper curve shows the tempera¬ 
ture variation three ft. below the surface of the earth, above a 
conduit containing cables. Fig. 4 shows the distance to which 
the earth surrounding a conduit is affected by heat from cables. 
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the ground just over and along the length of the conduit and 
directing a stream of water through it, as irrigation for crops 
is carried on in the Western States. This remedy immediately 
lowered the temperature of the cables several degrees. Where 
conduit was under roadways and paved streets the open ditch 
method was not available, and at these points water was dis¬ 
charged into a vacant duct by means of a garden hose. This 
was found to be even more effective than the open ditch method. 
In some cases, however, where multiple duct was used, the water 
would not flow from one manhole to another, being lost on the 
way. Fig. 5 shows the effect on the temperature of cables of 


Approximate Average Load on Conductors. 


1- 770 Amperes. 2200 Volts. 

2- 770 Amperes. 2200 Volts. 
'2-900 Amperes. 2200 Volts. 



water discharged in a vacant duct. Two and a quarter gallons 
per minute reduced the temperature 13 deg. cent, and held it 
about constant. When the amount of water was increased to 
twelve gallons per minute, the temperature was reduced 13 
deg. cent, further and then became constant. The remainder 
of the curve shows the gradual rise in temperature after the 
water was shut off. 

(4) These crude methods of reducing the temperature pointed 
the way to a permanent installation to control the temperature 
of cables in conduits. The method finally adopted is shown 
in Figs. 6 and 7. Porous drain tiles four inches in diameter were 
made in sewer pipe molds. These were laid in a trench in the 
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earth above the conduit, as shown in cross-section in Fig. 6. 
The joints were cemented to prevent leakage except through the 
pores of the tiles. This tile serves a purpose exactly opposite 
to that for which drain tile is generally used; that is, water is 
supplied through it to the surrounding earth, instead of being 



Fig. 6 

conducted away. The first experiment indicated that it might 
be difficult to get tile porous enough to exude a sufficient amount 
of water effectively to moisten the earth. This test was made 
with tile lying on the ground exposed to the air. After some 
experimenting it was found that the amount of water that 



would pass through the pores of the tile could be greatly in¬ 
creased by a covering of earth. Clean sand around the tile 
was more effective in producing the desired result than any 
other material tried. 

In Fig. 8, curve A shows the distribution of heat in the earth 
at right angles to a line of conduit containing 2200-volt cables 
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before water was applied by the drain tile method. Curve S 
shows the temperature after three gallons of water per minute 
had been applied about thirty-six hours. 



Fig. 8 


It has been maintained by some that cables will run cooler 
in conduit surrounded by earth than in conduit surrounded 
by air. In Pig. 9 the upper curve shows temperatures obtained 
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in dtict indicated by letter T before any effort was made to 
reduce the normal temperature. The middle curve shows tem¬ 
peratures obtained in the same duct after the top of the conduit 
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had been unearthed. In this case the sides of the conduit were 
still covered with earth. The temperature of the air at the 
time of this test was about 16’deg. cent. The lower curve shows 
temperatures that were obtained after the drain tile had been 
laid, the earth replaced, and three gallons of water per minute 
supplied continuously for moistening the earth. The current 
on the cables was practically constant throughout the interval 
covered by these tests. 

In practise the work of looking after the temperature of the 
cables is as follows: 

When the season of the year arrives when overheating may be 
expected, a man is sent around with a resistance thermometer 
to explore the temperature of the ducts. If he finds the danger 
point is being reached or even approximated, water- is turned 
into the porous drain tile. The following day the temperature 
is again taken to see whether the desired reduction has been ob¬ 
tained. In this way one or two men with portable resistance 
thermometers attached to long leads can keep track of and con¬ 
trol the temperature of cables in a large system. Since this 
plan was adopted no breakdowns in insulation of cables have 
occurred due to high temperatures. The plans for installing 
the porous drain tile for cooling have been adopted as a vStandard, 
and whenever new conduits are laid in which high temperatures 
may be expected, the conduit will be provided with this means 
of cooling. 
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Discussion on “ The Effect of Moisture in the Earth 
ON Temperature of Underground Cables ” (Imlav) 
New York, February 17, 1915. ^ ^ ’ 

Charles W. Davis (by letter): Soil temperature plays such 
an important part in determining the limiting load’ on"cables, 
that any information bearing on this subject is particularly 
desirable. An excellent starting point for discussion of the sub¬ 
ject would seem to be afforded by the work of Professor H. H. 
Callendar. I ventured to call attention to the investigation at 
the June, 1913, meeting of the National Electric Light Associa¬ 
tion. (See discussion of Mr. Abbott’s Report for The Under¬ 
ground Committee, Proceedings National Electric Light Associa¬ 
tion, page 673). And I refer to it again because it throws con¬ 
siderable light upon the effect of water percolating through the 
soil—an effect which Mr. Imlay has so skilfully made use of in 
a practical way; and also because it points out the errors which 



may arise in the determination of soil temperatures at various 
depths. 

The curve shown in Fig. 1 is compiled from data taken in 
Pittsburgh, by a method which I assume is similar to that used 
by Mr. Imlay. 

The thermometer was located in a vertical tube of niicarta, 
the bulb of the thermometer being .three feet below the surface 
of the soil. The soil surface was gravel mixed with sand and 
clay. The thermometer was located about twenty feet away 
from the northeast wall of a two-story brick building. The 
micarta tube was driven into the earth so as to make as close 
contact with the soil as possible, and the top of the tube was 
covered by a protecting hood several inches in diameter. The 
tube above and around the thermometer was filled with cotton 
to prevent convection currents. I mention these details to show 
that considerable effort was made to minimize the errors which 
Callendar refers to as attendant upon this method, on account 
of water following the contact surface between tube and soil; 
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and on account of the conduction of heat by the vertical ther¬ 
mometer tube. 

The percolating of water downward along the surface of the 
tube results in unduly low readings after a cold rain or unduly 
high readings after a warm rain. 

I am satisfied that in spite of such precautions as were taken, 
the readings in the winter months as shown on the chart I present 
are considerably lower than actually existed in the soil at the 
same depth, but far enough away to be unaffected by the errors 
due to percolating water, and bonduction of heat upward along 
the thermometer tube. 

It^ would be interesting to know from Mr. Imlay what pre¬ 
cautions if any were taken to prevent a similar error in his 
determination, the results of which are represented in the lower 
curve of Fig. 3 of his paper. 

The results of Callendar’s work, and data at hand from other 
sources, make it obvious that the surface of the soil plays an 
extremely important part in the temperature reached beneath 
the surface. If the percolation of water is prevented—as by an 
asphalt, belgian block, or tar-macadam street surface—the 
temperature of the soil at conduit depths will be very different 
from what it would have been had the surface been of gravel or 
sand. Besides, ^the amount of sunlight which falls tipon the 
surface plays an importa,nt part, and the cloudiness or clearness ol 
the atmosphere—clouds at night very materially cutting down 
the cooling of the soil due to direct radiation. 

Callendar presents data on the effect of a heavy layer of snow 
in keeping the undersoil warm in winter; and on the cooling 
effect of the earth’s radiation during clear nights. 

Where ducts are located in closely built-up city streets, whose 
exposure is such that the street surface gets directly, or by reflec¬ 
tion from the neighboring buildings, the maximum of sunlight, 
and where the street surface is of asphalt or of other waterproof 
material, it is highly probable that the soil temperature at three 
feet below the surface at the end of December is not much below 
50 to 60 deg. fahr., in such cities as New York, Philadelphia and 
Chicago. This is considerably above the December maximum of 
3 deg. cent. (34 deg. fahr.) shown for December by Mr. Imlay’s 
curve, or 42 deg. fahr., shown on the curves I present. To be 
conservative in the operation of cables in or around the holiday 
season requires, I believe, a recognition of the fact that these 
higher minimum soil temperatures may prevail. 

It may be worth while noting that Callendar avoided diffi- 
culties attending the use of vertical thermometer tubes, by dig- 
ging a vertical trench, and then inserting the resistance ther- 

extreme end of a half-inch diameter horizontal 
hole bored for a distance of three feet into the sidewall of the 
trench, the^trench being carefully filled in afterward. 

H. W. Fisher I Mr. Davis’s curve is in general form like the 
curve shown by Mr. Imlay. The maximum temperiure of 
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68 deg. fahr. was on August 11; the minimum temperature of 
37 deg. fahr. was on March 21. In these curves there is a differ- 
ence between the curve of minimum and maximum for each dav 

some cases, showing there were causes for such 

,, .There is one thing I am quite interested in, and 

that IS 111 what month of the year the curve given in Fig. 5 was 

made. It is quite interesting to know whether that is a winter 
or a summer curve. 


The other thing that struck me, without having made anv 
of these m^surements and I do not live as far north as Niagara 
halls IS the fact that we have water-pipes freeze solid at a 
depth of over three feet, which would indicate that we get mini¬ 
mum temperatures at some places of a little below zero. Five 
above zero is the last point, the lowest point here on this curve 
o, and it seems as if the lowest temperature would go below 
that in some of the northern cities. 

A number ^of years ago the Chicago Edison Company connect¬ 
ed its Harrison Street station to its still older Adams Street 
station by a tunnel under the Chicago River. The loads in¬ 
creased and they had to have greater carrying capacity right away. 

•Fhe company had been in the habit of pumping water out of this 
tunnel,^so one engineer said, “ Suppose we pump water into the 
tunnel.” This was done, and it was very successful in reducing 
the temperature. 

Some St. Louis records taken in July show a minimum duct 
temperature of 40 deg. cent., and the maximum of about 45 
deg. cent., over a 24-hour run; and on a perfectly clear day of 
bright hot sunshine. The street was paved with belgian block, 
ancl the variation of temperature in 24 hours was very small. 

These data point to two things: One is the desirability of 
having a weatherproof duct—a waterproof duct. With a water¬ 
proof duct you can have your soil outside as wet as you please, 
and get rid of your heat that way without risk of electrolysis; 
or you can pump water through your ducts and not lose the water. 

Now, I do not think any of the multiple-tile ducts could be 
made waterproof enough to circulate water through them and 
have it come out at the other end of the line. 

The second thing is, when you come to handle large units of 
power you must push the e.m.f. up to keep your investment in 
copper and ducts somewhere within reason. 

J. P, Wintringham: There is one item perhaps theoretical 
rather than practical that I think would be of interest to bring 
into the proceedings at this point; and that is, that at very low 
temperatures the resistance of pure metals, notably lead and mer¬ 
cury, becomes very small. 

At a temperature of about 4 deg. absolute, mercury seems to 
loose all its resistance, and a thread one millimeter in diameter 
will carry one thousand amperes without any signs of heating. 
These experiments of Kamerlingh Onnes will be found in the 
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publications from the Physical Laboratory of the University of 
Leyden, but they may have been carried on in Pittsburgh. 

Philip Torchio: From the standpoint of the subject of this 
paper high-tension cables have greater limitations on account of 
the losses in the dielectric being considerably higher than in lower 
voltage cables. It must not be forgotten in considering a cable 
system that the temperature due to losses in dielectric is rela¬ 
tively of secondary importance with low-tension cables. I 
mean such cables operating up to, say, 2200 volts. 

As Mr. Fisher has called attention, the Underground Commit¬ 
tee of the National Electric Light Association has given consider¬ 
able thought to the same subject. One of the member compan¬ 
ies reported that, on account of heating of cables in ducts, they 
had to reduce the load in summer to one-half the safe carrying 
capacity of the cable in winter time. For that reason, instead 
of building subways with a great number of ducts bunched to¬ 
gether, they are trying to build the new extensions in vertical 
lines of ducts, with intervening space of earth, so that each duct 
is on two sides surrounded with earth. 

In the former instance the lack of dissipation of heat was due 
to the drying-up of the surrounding earth, which became a heat 
insulator around the bank of ducts. 

The possibility of using water from the street seems impracti¬ 
cable to me. The plan of pumping water through the ducts, as 
suggested by Mr. Clark, may have some merit. 

C. A, Adams: The information contained in this paper is 
very valuable, but still somewhat empirical. If we knew the 
thermal conductivity and the specific heat of various kinds of 
soil with various degrees of moisture, it would be possible to 
compute the temperature of an underground conductor under 
any specified conditions with a fair degree of accuracy, even 
including the time element. If the results of tests such as here 
recorded could be reduced to such fundamental terms, it would 
vastly extend their range of usefulness. 

W. S. Franklin: I think it would be well to determine the 
thermal conductivity of the soil under different conditions. 
Something along this line was done thirty-five or forty years ago 
as a preliminary to the calculations by Lord Kelvin of the rate of 
cooling of the earth; and no doubt one could get some important 
data by looking back to this early work of Lord Kelvin. 

In any actual measurements the difficulty is to know the 
varying moisture content of the ground. The United States 
Department of Agriculture has developed a satisfactory method 
for following the variation of moisture in the soil without dis¬ 
turbing the soil, by placing in the soil at a fixed distance apart 
two small electrodes and determining the electric conductivity 
of the soil. The. results so obtained are interpreted as moisture 
content on the basis of empirical tables previously determined. 

P. W. Sothman: In connection with this subject, I think we 
should have another line of investigation carried through with 
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conduits that are entirely porous as compared with condi^it^ 
that are either glazed or unglazed. 

In European countries, underground systems are invariably 
installed with non-glazed conduits made of concrete or cement. 
One of the great claims put forward in favor of unglazed conduits 
is good radiation of heat from cement conduits. In some types 
of conduits, air-spaces are provided in the walls as illustrated in 
the accompanying sketch. 

It has been found that the heat radiation from these unglazed 
tiles or conduits is much greater than for the glazed types. ^From 
this point of view, it would be very interesting to compare Mr. 
Imlay’s investigation with the results obtained abroad. 



Very Porous Very Porous Cement Duct 

Tile Conduit 


George N. Lemmon: In connection with the conductivity 
of heat and its dissipation through the earth, a rather interesting 
thing occurred in Youngstown, Ohio, several years ago. 

At one of the old stations the negative return from the rail, 
left the rail in the street and went through the car-barn floor to 
the switchboard in the power house. The floor of the car-barn 
was earth with some ashes mixed with it. In the course of years 
it had become extremely dry—there was not even moisture from 
washing the cars. The circuit was interrupted one night due to 
a fusing of the cable in the car-barn floor. This was due to the 
dryness, for out under the sidewalk where the earth was moist 
there was no trouble. 

It was a decided example of the difference in heat conductivity 
between dry soil and soil slightly moistened. 
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OIL CIRCUIT BREAKERS 

NOTES ON ARC PHENOMENA AND TENDENCIES IN DESIGN 

BY K. C. RANDALL 


* Abstract of Paper 

The purpose of the paper is to present a brief explanatory 
discussion of some of the arc phenomena in oil circuit breakers 
and to describe the present tendencies in oil breaker construction 
and practise. A proposed method for rating breakers and 
specifying is included. 

In an alternating-current arc formed in an oil breaker, 
^ opportunity is afforded for cooling and condensing the arc 
gases as the current passes through zero, and if these are com¬ 
pletely condensed or removed and replaced by sufficient oil dis¬ 
tance, the current will not be reestablished, because the 
medium intervening between the separating contacts has been 
changed to an insulator of sufficient dielectric strength to 
withstand the potential tending to reestablish the current. 
If the separation of contacts is not sufficient, or if the con¬ 
densation and removal of gases is not adequate,^ or if the 
arc contained volatilized metal from the contacts, of sufficient 
quantity, the current will be reestablished. With an ideal 
oil breaker the current will not continue after the first zero value 
following the first complete separation of contacts. ■ 

In actual practise, on large powers,possibly few breakers comply 
with this ideal, because the current continues beyond the first zero 
value, due to (1) insufficient separation of the contacts; (2) large 
amount of gas formed in the arc; (3) reduction of insulating value 
of oil between contacts owing to suspended metal and carbon 
particles condensed after each successive half-cycle arc. If 
the particular breaker application is too far from the ideal the 
reestablishment of current after the first and subsequent zero 
values will continue indefinitely, or at least be repeated so many 
times that the breaker will be damaged or destroyed. Usually, 
in such instances, it is a case of misapplication or failure to main- 
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tain initial conditions, for every breaker has its limitations within 
which it is good, but there may be a wide difference in rupturing 
capacity of breakers of given cost and space requirements, and 
it is by these differences that the better breakers are distinguished- 
Increase in capacity of a system, failure to maintain breakers 
either as to mechanism or insulation, change of current limita¬ 
tions, changes in methods of operation, faulty relays, etc., all 
may act to increase the duty on a breaker, even to destruction. 

Plainly, it will be very difficult to interrupt an alternating 
current abruptly during any half cycle, for the same reason that 
an abrupt rupturing of a field current of a generator is difficult 
or dangerous. So it is that the endeavor of the breaker is focused 
upon providing against the reestablishment of current after nor¬ 
mal zero value. Clearly, each time the current is reestablished 
and continues to the next zero value, energy is dissipated in the 
breaker tank, due to the arc. The oftener this is repeated the 
more the contacts are burned, the more the oil deteriorates, and 
the less the chance is of finally interrupting the current. 

Assume a breaker, operating on a 15-cycle circuit of a gives 
current and voltage, begins separation of contacts just as the 
current is normally passing through zero, and that the separation 
of contacts (acceleration) is such that the current ceases at the 
next zero. This same breaker operated in the same way on a 
like 60-cycle circuit will dissipate the same energy, if the current is 
of like volume and continues for the same time; that is, ceases at 
the fourth zero point. But, had the breaker been accelerated to 
prevent re-establishment of the current after the first half (60 cy¬ 
cles) , the minimum energy could have been dissipated. vSimilarly, 
on 30 cycles, the speed of opening should have been twice that for 
15 cycles; and in general, the rate of contact separation should be 
proportional to the frequency of the system when endeavoring 
to attain the ideal condition of terminating current at the end 
of the first half cycle. 

The extinguishment of the arc will be near the normal zero 
point regardless of the speed of opening, because, whatever 
the rate of separating the contacts may be, tending to rapidly 
insert a dielectric in the form of cold oil, a potential tending to 
maintain the circuit current will be developed, and this, in general 
will be" adequate to break down the intervening dielectric. Thus 
the current will be sustained until practically its normal zero 
point is reached. This will be true even if the whole breaker 
travel were accomplished in, say, !■ or ■! cycle; the current would 
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still continue to practically the normal zero point, as each 
higher rate of current reduction gives a correspondingly higher 
sustaining voltage for maintaining it. 

Furthermore, neglecting the voltage peaks required for re¬ 
establishing the current, the maximum steady voltage attainable 
across an arc is limited, regardless of the length of arc or current 
volume, and hence, the same loss is developed regardless of the 
rate or length of opening, provided the current and time of arc¬ 
ing is the same. This is explained as follows: With practically 
any current encountered in serious breaker problems, the ioniza¬ 
tion in the arc space will be quite complete and, therefore, it 
will constitute an excdlent conductor, becoming better as it is 
further heated by increased currents, so that the drop will re¬ 
main practically constant independent of the current volume 
provided it does not fall sufficiently to threaten deionization. 
The distance between contacts when the arc space is completely 
ionized has very little effect on the drop across it, provided the 
currents remain large as in ordinary breaker practise. This, 
therefore, demands for the best breaker results, that the speed 
and length of opening be such that current may never be estab¬ 
lished after the first zero value of current following the separa¬ 
tion of the breaker contacts. 

From the preceding, it is plain that on low frequencies an arc 
enduring to the first zero value following the separation of con¬ 
tacts will, on the average, continue for a longer period, and there¬ 
fore dissipate more energy than an arc of like current but of 
higher frequencies, also extinguished at the first succeeding 
zero value. Therefore, in general, the high-frequency currents 
will be interrupted with the smaller demonstration and lesser 
breaker duty than similar lower frequency- currents, and the 
energy dissipated will be, on the average, for an ideal breaker, 

about inversely proportional to the frequency. 

After fixing the proper design of conducting details, allowing 
liberally for the continuous current-carrying capacity and for 
insulating distances—dielectric strength, such that liberal tests 
are successfully withstood—the problem of rupturing capacity 
still remains. On the higher potentials the insulation problems 
largely govern the dimensions. On the lower potentials mechan¬ 
ical considerations may largely dominate. 

Oil, being the accepted insulating medium, convenient because 
of its dielectric value and liquid form so well suited to cooling and 
replacing arc gases, should, particularly on higher potentials, 
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taneous opening of several breaks will accomplish the intervention 
of a given oil distance more rapidly than will a smaller number of 
breaks, assuming that the rate of contact separation remains 
roughly the same foi both. With the increased oil distance, re¬ 
covery after the first zero point is less likely. On the other hand, 
ib is appai ent that with the drop across each arc practically con¬ 
stant, the energy dissipated in the multi-break unit during the first 
half-cycle will be roughlv proportional to the number of breaks 
and greater than the fewer breaks. It probably will be consid¬ 
ered better to tolerate this condition, with the assurance that the 
current will never pass the first zero, rather than contend with a 



Fig. 1—Voltage and Current Curves for an Oil Circuit Breaker 

Arc in a Non-Inductive Circuit 

The normal voltage and current of the non-inductive circuit are shown; also the sudden 
increase of the alternating current occui-ring at the moment of short circuit. Coincident 
with the breaker opening, a slight diminution in current volume is noted, resulting from the 
increased circuit resistance, due to breaker arc. The voltage across the arc is shown as a low 
practically constant value, developing at about the moment of opening and continuing 
until near the zero value when it becomes the circuit voltage, owing to the cessation of cur¬ 
rent. It continues along this curve until it has reached a value sufficient to puncture the 
dielectric between contacts, and thus reestablish the arc, when it again drops to the low 
practically constant value, shown in the first half cycle. The current follows practically 
the sine wave form until near the first zero, when, owing to reduced volume and consequent 
lowered heating, the arc gases are chilled and deionized, suddenly interrupting the current 
slightly in advance of the normal zero point. From here the current remains zero until 
suddenly reestablished in the opposite direction by the normal circuit voltage. This same 
cycle will be repeated until the contact separation becomes sufficient to prohibit reestablish¬ 
ment of current by the available circuit voltage. 

N 

design wherein the rate of breaking is not adequate to prevent 
repeated reestablishment of current after successive zeros. The 
deteriorated condition of the oil is considered more serious with a 
slow-operating breaker after passing several zero values,because of 
the longer arcing time, than with the design dissipating the same 
amount of energy, but previous to the first zero value. A scheme 
to increase the arc voltage would not be welcome, but a plan to 
reduce it, and yet retain conditions opposed to current recovery 
after the first normal zero value, is desirable, as in this way the 
total energy dissipated would be reduced. Whether a multi- 
break design is to be preferred over the usual break will be 
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decided by what may be accomplished by the common two-break 
construction, when highly accelerated. It is plain that -the 
additional mechanical complications and consequent larger 
masses of the multi-gap breaker that must be rnoved, will con¬ 
stitute a very serious problem. 

Consideration of Fig. 2 makes apparent the general effect of 
self-induction on current interruption. On a non-inductive 
circuit (the current and voltage in phase) the chance of current 



Fig. 2—Voltage and Current Curves for an Oil Breaker Arc 

IN AN Inductive Circuit 

The normal voltage and current in an inductive circuit are indicated and the development 
of the alternating current from the mornent of short circuit with its decrease to zero and its 
later recovery in the opposite direction is shown. The voltage across the arc is also shown 
from the moment of breaker opening to near the normal current zero point where a high 
peak is developed which immediately drops to a low practically constant value, as shown in 
the first half cycle. Fig. 2 contrasts with Fig. 1 in that the current at the time of short cir¬ 
cuit is established gradually, and passes through zero to a negative value, practically as a 
sine wave, this action being repeated at each zero point until finally at the last zero 
recovery is impossible. From the moment of the breaker opening the arc voltage develops 
almost immediately to a steady small value which holds until just before the first current 
zero. Here the current value has been so reduced that the lower rate of energy dissipation 
is no longer able to prevent chilling and deionization of the arc gases. Thus, the arc gases 
change suddenly from the nature of a conductor to the nature of a dielectric and tend to ter¬ 
minate the current with equal suddenness slightly previous to the normal zero point. This 
action is acknowledged through the self induction of the circuit by a sharp voltage peak which 
breaks down the dielectric and is following by reionization within the arc space, whereupon 
the low arc voltage, as shown in the first half cycle, again appears. This same potential 
peak will occur at each successive zero until the current is finally terminated, when the arc 
voltage becomes the circuit voltage. 


reestablishment is much less probable than with an inductive 
circuit wherein—with lagging current—^voltage is available for 
reestablishing the arc as the current emerges from the zero value. 
For this reason interruption of the current at the higher fre¬ 
quencies will be more difficult as the current lag for any given 
circuit is greater and the voltage tending to reestablish progress- 
sively more as the frequency is increased. On the other hand, the 
total self-induction of high-frequency circuits will usually be less 
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than on circuits of lower frequencies, and, therefore, the termina¬ 
tion of the arc current will be facilitated. This is apparent, for 
in the endeavor to suddenly rupture the current, but little sus¬ 
taining power is encountered in the practically non-inductive 
circuit, while in the highly inductive circuit every change in 
current is accompanied by a corresponding potential tending to 
maintain that current. 

In the breaker arc, as chilling occurs near the zero value of 
current, the ionization of the gases ceases and conductivity in the 
arc space is so reduced that the current can only be established 
by a potential capable of puncturing the resulting dielectric 
which has become very much stronger than it was previous to 
deionization. Very high arc currents, with their correspondingly 
high temperatures and increased volume of arc gases, make deioni¬ 
zation much more difficult, thus rendering the successive reestab¬ 
lishment of current much easier. The enormous energy dissi¬ 
pated by very large currents as the contacts first separate is a 
demonstration of an explosive character. Breaker tanks have 
been blown off with practically no contact burning, evidencing a 
violent pressure of short duration. So it is that larger currents 
are more difficult of interruption. 

Facility of deionization of the arc gases will depend upon the 
temperature and pressure of the surrounding oil, and the shape 
and volume of the contacts, and also on their heat conductivity 
and vaporizing temperature. Plainly, contacts of small volume 
with sharp edges, low heat conductivity and low vaporizing 
temperature are least favorable to the breaker. From this it is 
app>arent that a small breaker, on the score of volume and shape 
of contacts alone, is more severely tried than a larger unit. This 
plainly emphasizes the desirability of large contacts of smooth 
shape. 

Gravity-actuated breakers never open quite as rapidly as a 
free falling body, and sometimes the retarding influence of the 
mechanism is very serious, so that accelerating devices are now 
common, and the rate of opening is in many breakers much more 
rapid than that obtainable from unimpeded gravity alone. The 
matter of stopping the moving parts as they approach the end of 
the stroke has to be carefully considered, in the case of larger 
breakers, even when unaccelerated, but when highly accelerated 
the problem is more serious and may even be complicated. Fast 
closing is important, like fast opening. An explosive action is 
likely as the arcing tips of a slow-closing breaker touch when 
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closing against a short circuit, due to the violent energy dissipa¬ 
tion and consequent volatilization of contacts and oil. This 
action is identical with that occurring in a slow-opening unit. 
Modern practise, particularly on the score of general simplicity, 
favors the solenoid operation for all remote-controlled oil breakers 
save when manually operated. 

Tending to limit the maximum capacity that may be ruptured 
by a single plain breaker, large current volumes are the most 



Fig. 3 

This figure shows the curve of a free falling body, which is the best that a plain unaccelera¬ 
ted breaker can do._ It also shows the actual rate of opening of a specially accelerated break¬ 
er built for extra high voltage service. The unusual acceleration in the first 40 per cent of 
the travel is obtained by a retrieving contact which is drawn out by the already highly 
accelerated main contacts and then suddenly retrieves while the main contacts continue to 
near the end of the stroke, where they are retarded and the blow from their fall absorbed. 

serious problem because of their practically explosive action. 
As the operating voltage increases, the available currents de¬ 
crease proportionately, but the difficulty of the problem is not 
much improved until rather high potentials are reached, when the 
distances necessary for obtaining a proper margin of safety for 
insulation and test afford relief from mechanical shock encount¬ 
ered in the designs for lower voltages. Probably the maximum 
power that plain breakers as now built could rupture will approx- 
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imate the power that would be delivered through a shunt-tripped 
breaker at the time of opening, by 150,000 kv-a. of modem 
high-reactance generators on a single bus, feeding a maximum 
short circuit, so that the current is limited only by the generator 
^^P^hance. In general it will be easier to handle the given short 
circuit at, say, 15,000 volts, because , at higher potentials the 
chance of reestablishment may be greater, while at lower poten¬ 
tials the volume of current would seriously increase the total 
amount of energy to be dissipated in the arc, and therefore the 
difficulty Of terminating the current. A breaker adapted to 
such a station for 15,000-volt service is illustrated in Fig. 6, and 
is constructed with particular regard to obtaining the strong 
tank and supporting details, so that even with violent energy 
dissipation in the arc, the mechanical details will withstand the 
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Fig. 5—Terminal and Contact Arrangement with Reactance 
Coils of High-Voltage Reactance Breaker 

Sequence of operation of breaker shown in Fig. 4. 


shock. This breaker will require for installation a space approxi¬ 
mately 7 ft. 4 in. by 2 ft. 1 in. by 9 ft. high. 

In endeavoring to raise the limit of power to which plain break¬ 
ers may be applied, without employing permanent current-limit¬ 
ing reactance, originally the resistance and later the reactance 
breakers were developed. Initially, as is fairly well known, the 
design took the form of a resistance with a number of contacts, 
each one introducing more resistance into the circuit, and the 
last opening the circuit. This was later simplified, making but 
two steps, the first introducing a considerable resistance, and the 
second opening the circuit. Because of difficulties in the design 
and application of resistance, reactance was substituted, and a 
considerable number of such breakers has been built. The re¬ 
actance breaker followed the form of the later resistance breakers 
in that two steps were employed; one to introduce the current- 
limiting reactance, and the second to open the circuit. The 
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reactors are designed to carry current but a very short penod, as 
the time between introducing them into the circuit and final rup¬ 
turing of current is very short—considerably less than one second. 
In this way a small conductor of many turns affords in sma 
space a very considerable reactance. A still later development 
of the reactance breaker idea has somewhat simplified the matter. 
Instead of employing interlocked mechanism, such that t e mt 
mechanism introduces the reactors, and the second opens the 
circuit, two similar breaks are now employed operating simuh 
taneously from a common mechanism—one of which is shunte 
by a reactance coil. It is well known that the shunte 
inclined to be unstable, and in actual test it has been found that 
the shunted breaker does its duty promptly and with very little 
effort. The final break, of course, will only involve the current 
permitted by the limiting reactance. This will be easily temuna- 
ated, so that with this arrangement the shunted pole will prob¬ 
ably only' arc to the first zero—not reestablishing and tie 
second pole will not arc beyond the second zero, even though the 
circuit be highly inductive, because of the limited current which 

it has to interrupt. This arrangement is very simple as to mec - 

anism, permits the employment of the standard breakers an 
allows mounting the current-limiting reactors wheiever it ma3/ 

be convenient in the installation. ^ i • zi 

For some time breakers were supplied according to the judg- 
ment of the designer of the equipment, or according to the ideas 
of the purchaser. No definite plan of rating or determining 
capacity existed. Later, more attention was paid, especially 
to installations on the large powers, and some approxima,ti(ms 
were made, as to what the proper rating for the breaker should be. 
Now, installations are quite generally receiving individual con¬ 
sideration in the breaker applications, and the desirability of a 
uniform method of rating is growing constantly more pressing. 
A method, developed from experience, tests, and consideration 
of common problems, assumes the breaker to be installed d.irectly 
on the bus and to protect same against nearby short circuits. 
In determining the maximum, breaker duty a generator equip¬ 
ment of 8 per cent impedance, capable of delivering 12^ times 
normal current at the first instant of short circuit, is assumed. 
It is also assumed that by the tim.e breaker opening occurs, this 
maximum current value will have decreased to one-half the ini¬ 
tial, namely, to 6J times normal. In this way, when a breaker 
design has been fixed as capable of rupturing a cei tain current at 
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a certain voltage, the kv-a. rating of the system to which it may 
properly be applied is one whose normal current rating is obtained 
by dividing the breaker current rating for the particular voltage 
by 6i. Thus, a breaker rated at 160,000 kv-a., three-phase, 
44,000 volts, contemplates 2100 ampere sper phase in the arc and 
may properly be applied to a station having a normal current 
of 335 amperes, 44,000 volts three-phase. All of this contem¬ 
plates instantaneous tripping. If time tripping is employed, so 
that the current may have decreased to some smaller multiple 
of the normal value, application may be made to a still larger 
station, provided always that the maximum current to be ter¬ 
minated does not exceed the maximum volume given (in this 
case 2100 amperes). The time to reach the sustained short- 
circuit currents will vary widely; possibly from 15 to 50 cycles 
on 60-cycle systems, and from 5 to 20 cycles on 25-cycle systems. 
With time elements set for these periods or longer, the maximum 
duty on the breaker will approximate interrupting double current, 
and in general, for such installations the capacity of the plant 
may be at least doubled as against the safe application on in¬ 
stantaneous tripping. 

The best method of specifying breaker equipment for a given 
service is to indicate the duty which the breaker will be expected 
to perform, by giving the maximum current that it may be called 
upon to interrupt, as well as the service voltage. It will be rec¬ 
ognized, when this is done, that the source of power, method of 
tripping, or location on the system is immaterial, for all of those 
considerations are covered when the value for the maximum cur¬ 
rent is fixed. Some installations and classes of service may not 
warrant employing a design which will satisfactorily and repeated¬ 
ly handle the worst short-circuit currents. For such installations, 
when the extreme maximum currents are very improbable and 
it is not desired to allow them, the usual maximum cuiTent which 
the breaker may be called upon to interrupt should be taken as 
the basis, and a breaker of such rupturing capacity specified. 

The present tendency in circuit breakers is largely to improve 
mechanical details. Insulation of designs has generally been 
adequate. Among the notable mechanical features found in 
modern breakers are: (1) Increased strength of tanks with sup¬ 
ports and fittings so as to withstand safely the shock of rupturing 
large powers. (2) Rapid acceleration of breaker so as to obtain 
high rates of contact separation with the attendant early termina¬ 
tion of arcs, and conseqiient reduced energy dissipation. (3) Pro- 
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vision for vented expulsion chamber over the oil from which gases 
may escape, without entraining much oil, thus reducing the high 
and otherwise destructive pressures occurring in heavy duty. 
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Fig. 7 

This mechanism illustrates an arrangement commonly applicable to remote manually 
or electrically-operated breakers, and consists essentially of a spring for accelerating the 
opening of the breaker, with a plunger in a cylinder for retarding and bringing the moving 
contacts to rest without shock at the end of a stroke. 

(4) Arrangement for liberal and easily replaceable contact parts of 
minimum cost, in even small as well as larger capacitiths. 

(5) Employment of larger capacity (single) pole units, suitably 
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This figure illustrates a typical solenoid mechanism for operating electrically controlled 
breakers, and incorporates the accelerating and dash pot devices shown in Pig. 7. 

assembled, and operated from a single separate mechanism, in¬ 
stead of using multipolar units assembled with individual 
mechanisms. 

In existing practise, wide differences are found, and operating 
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engineers sometimes seem to have almost opposite opinions. 
In one installation a breaker discharging a very small volume of oi 
accompanied by some smoke tinder the most severe conditions 
was considered as a hazardous application. On another system 
blowing off of breaker tanks was considered fairly serious, but 
principally because of the difficulty in replacing the distorted 
tanks. Mere discharges of smoke, oil, or distortion of the tank 
were looked upon as of trifling consequence, so long as the appara¬ 
tus remained in operating condition. This brings up the ques¬ 
tion, frequently arising, when is a breaker satisfactory for a 
given service?” One reply advocated that if the unit may im¬ 
mediately be put back into permanent satisfactory operation 
without immediate repair, it is proper for the particular applica¬ 
tion. 
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Discussion on Oil Circuit Breakers,” (Randall), New 

York, February 17, 1915. 

W. S. Franklin: There seems to me to be no justification for 
using a reactance in shunt with an oil circuit breaker rather than 
a resistance. We will assume that the heat developed in the 
shunt resistance wherever placed can easily be taken care of; 
so there can be no reason for using the reactance in place of the 
resistance because of the lesser amount of heat which may be 
developed. 

On the other hand, the shunt resistance has some positive 
advantages over the shunt reactance ^.because the second circuit 
breaker, which has to open the circuit after it has been established 
through the shunt reactance of the first, may operate when the 
current is high, and the energy stored in the shunt reactance 
will have to be taken care of. 

My question is: Why use a shunt reactance rather than a 
shunt resistance when you arrange to operate two circuit break¬ 
ers in series, in opening a circuit? 

Philip Torchio : Why not put the reactance in series with the 
circuit breaker and eliminate the other circuit breaker? 

W. S. Franklin: That is the way you do now. 

Philip Torchio: Mr. Randall mentions in his paper that the 
volume of the oil and the pressure assist in breaking the arc. 
At the Turin Exhibition four years ago, a French firm had on 
exhibition some oil circuit breakers which operated under pres¬ 
sure. I do not remember whether they had any vent, or how 
they provided for that emergency. I would like to ask Mr. 
Randall whether they have made experiments and investigations 
along the line of having a positive pressure applied to the oil, 
and what results have been obtained. 

H. R. Summerhayes: A large volume of oil is necessary for 
high-potential switches to get the distance for the insulation. 
For low-potential switches such as are used on city systems, if 
you try to get too large an oil volume it militates against the 
operating companies’ requirements of small space. Further¬ 
more, it introduces a larger volume of oil in the station; and 
of course we want to keep down the volume of oil as much as 
possible in the city stations. 

Mr. Torchio’s mention of an artificially created pressure is 
interesting, but it^is doubtful whether it would be possible to 
create a higher pressure artificially in the time required than is 
actually created locally by the action of the arc itself. 

In the paper it is stated that the simultaneous opening of 
several breaks will accomplish the intervention of a given oil 
distance more rapidly than will a smaller number of breaks. 
This assumes that the current is broken at the first zero point. 
When the circuit breaker is operating at or near its limit it does 
not break at the first zero point. However, the multi-break 
scheme is good. 
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Mention is made of the reactance switch, in which the two 
arcs are sprung at the same time, and one is shunted by reactance. 
It seems to me that here we have a multi-break switch—that is, 
two breaks in series,—plus a reactance; and by leaving out the 
reactance we will get better service. ' It seems obvious that there 
would be more drop across the arc, than across the arc and re¬ 
actance in shunt with that arc. 

I would like to ask if Mr. Randall finds that leaving out the 
reactance gives just as good results. 

It is stated that modern operation, particularly on the score 
of vsimplicity, favors the solenoid action for electrically controlled 
oil circuit breakers. There is some difference of opinion among 
engineers on that point. There are large numbers of motor- 
operated switches in successful operation in which the actual 
opening and closing is done by a spring, the energy stored in 
the spring being supplied through a motor. Where, owing to 
its size and speed, the switch requires a considerable amount of 
power, the motor and spring copibination may be preferable to 
the solenoid. 

In reference to the question as to when a circuit breaker is a 
breaker and when it becomes a fuse, that is, the limit of its rating, 
that is a subject on which there has been a great deal of argument. 
Some breakers do not give any evidence of distress until the 
limit is reached, and then they go to pieces. Others show evidence 
of distress for a long time before the limit is reached, but never 
fail to break the circuit. The breaker itself may be injured, but 
the circuit is always broken. 

P. M. Lincoln: I would like to answer one of the questions 
raised by Professor Franklin. He asked why resistance had not 
been used rather than reactance for the kind of breaker that takes 
two bites to do the job. 

If Prof. Franklin will figure on the total amount of energy that 
a large system will cause tp appear in such a resistance, even 
when it is allowed to attain its maximum permissible temperature, 
I think the final temperature he arrives at will be the answer as 
to why resistance is not used rather than reactance. The amount 
of material and the heating which takes place makes it impracti¬ 
cable to use resistance rather than reactance. 

Philip Torchio: I would make a recommendation to the 
Standards Committee that they adopt the last specification given 
in the paper of Mr. Randall. That is, that for^a particular ap¬ 
plication, a breaker is satisfactory for a given service if the breaker 
can be put back into permanent satisfactory operation without 

immediate repairs. T . • 

E. B. Merriam (by letter): We are greatly interested in the 

rapidity with which the contacts of an oil circuit breaker part. 
It is very difficult, however, to realize that there will be enough 
difference in the operation of commercial breakers on 25- and 60- 
cvcle circuits to necessitate different types for these frequencies. 

” Too much emphasis should not be placed on the performance 
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of gravity-actuated circuit breakers. Very few accepted designs 
using this and a number of other undesirable features brought 
out in the paper are operating at the present time. 

Fig. 3 in the paper would be of more value if the speed were 
expressed in terms of some recognized unit, as percentages do not 

convey a concrete meaning. ^ . 

Reference is made to the benefit derived from the use of time¬ 
limit relays. This reference is made, of course, on the assump¬ 
tion that the short-circuit characteristics of most generators are 
similar 

The method which Mr. Randall states has been developed 
from experience, etc., in considering rupturing capacity is 
only of general use. It does not take into account the 
varying characteristics of individual generators nor of systems 
having a number of generators in multiple. It has been my 
experience that even though a generator equipment having 8 
per cent impedance is assumed, the current at the time the switch 
opens may be anything less than 12^ times normal current. It 
may be times normal current as an average, but it may also 
vary between very wide limits, even though the assumption is 
made that all the oil circuit breakers have their contacts part at 
the same time interval after the short circuit, or rather the ab¬ 
normal load, comes on the system. This assumption may be 
correct for any one particular type of oil circuit breakers, but 
my experience indica^s that this value is also variable throughout, 
very wide limits. 

Mr. Randall mentions that there was no definite plan of 
rating or determining the capacity of circuit breakers available 
until recently. This is quite contrary to my experience, as the 
rupturing capacity of several of the principal lines of oil circuit 
breakers have been very well known ever since they have been 
placed upon the market, and considerable attention has always 
been paid to installations on large systems and those which 
presented unusual conditions. Now that the Standards Com¬ 
mittee has recommended what seems to be a reasonable 
method of rating oil circuit breakers which has been adopted as 
standard by the Institute, it is to be hoped that all manufac¬ 
turers will use this as a common basis. 

Referring to the use of shunted reactances, experience 
indicates that while this scheme reduces the current that the oil 
circuit breaker must interrupt, it does not limit the actual 
drain on the system, nor does it protect feeders adjacent to the 
faulty one. Therefore it does not seem nearly so efficacious as 
when feeder reactances were used. 

The point of failure of an oil circuit breaker is not a definite 
one. It varies through so wide a range of current at any given 
voltage that frequently honest differences of opinion may be held 
regarding it. A circuit breaker whose use is permissible on a power 
development where service interruptions and. oil throwing may 
not seriously affect operating conditions would be considered 
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unfit for service in a large wnsidered essential, 

service and freedom from oil liio^^ams that may be of 

I am presenting her^th se ^^^al sprung under 

interest in connection with t ^ reoresents the current in 

oil. In all of these curve ^represents the pressure 

?hTrcil?o'S™ fou™ i" 

in Mr. Randall’s paper. limits through which 

The diagrams show the approximate b^ts^^^^ ^1. 

the short-circuit ^i^^o’-Jarv The^characteristics will be 

ternators may be oxP®®^®f fipsim and where more than 

different for alternators of ano 

one alternator is oonnected to the f ste® Allowing refer- 

In connection unth Mr. Randall s paper jn ^ 

ences to papers previously presented to the insti 

interest. 

'' 

1911, p. 1195. _ Reactances with Large Turbo-Alternators,' 

The Use of Power-Limiting Reactan 

(Schuchardt) A. I. E. E. Trans _19 ' P ’ _ (gteinmetz) A. I. E. E. 

Development of the Modern Central Station, (bteinm 

R^g S on Suit Breakers with Reference to Rupturing Capacity, 
^Thf LfatL® of Di'S^n and ’ Switching Apparatus, 

(Merriam) A. I. E. E. Trans. 1914, p. 262. 

^ 1 /'V. The results of thousands ot tests 

C. Lichtenberg (by letter). TT,,. .ng principal feature of 

which we have made indicate ^ breakCTS is its ability 

an oil for “t^^^^J'glectric strength and to retain it under 

to possess initially high dielectric s & . appears to be 

adverse moisture oil circuit breakers operating 

important even i^ce we have found that a very 

on pressure as low as 400 v _, greatly reduce the 

small percentage of moisture J Hrcuit breaker with which 

drcuitdnterrupting capacity of the oil circuit breaker wir 

it is us^. +v,Q+ for verv low temperatures a non- 

S .sea 

by Mr. Randall are slightly misleading as 0 deg. 
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if meant to have been measured by centigrade scale does 
not equal ~ 10 deg. on Fahrenheit scale. 

The paper also contains the statement that non-freezing oils 
are usually so volatile at ordinary summer temperatures that 
under these conditions another oil must be used. It has been 
our experience, however, that oils can be obtained which will be 
suitable for use in oil circuit breakers for all temperatures be¬ 
tween — 40 deg. cent, and +60 deg. cent. They are, therefore, 
applicable for oil circuit breaker service throughout the most 
extreme range of temperatures experienced in North America. 

Mr. RandalFs paper leads one to believe that increasing the 
velocity with which the contacts of an oil circuit breaker part, 
by increasing the speed of the mechanism, is a more efficacious 
way of increasing the circuit-interrupting capacity of an oil 
circuit breaker than by increasing the number of breaks in 
series. This is in direct opposition to the conclusions we have 
reached as a result of a large number of tests. We have found 
that doubling the velocity with which the contacts of a par¬ 
ticular oil circuit breaker part increases its circuit-interrupting 
capacity about 30 per cent, while doubling the number of series 
breaks will increase the circuit-interrupting capacity about 
70 per cent. This result is directly explainable on the theory 
which I advanced some time ago concerning the operation of an 
oil circuit breaker. It states that the oil circuit breaker is a 
device for dissipating the stored electromagnetic energy of a 
circuit. It performs this function by converting this energy 
principally into heat which appears in the form of an arc at the oil 
circuit breaker contacts. If this arc is distributed between a 
large number of contacts, a greater rate of energy dissipation 
may be acquired and the circuit-interrupting capacity of the 
oil circuit breaker increased. If, on the other hand, the velocity 
with which the contacts of the oil circuit breaker part is increased , 
the time duration of the arc may be diminished but since the 
number of arcs is not increased, the rate of dissipation is not 
nearly so rapidly increased and consequently the circuit-in¬ 
terrupting capacity of the breaker is not nearly so high. 

Throughout Mr. RandalFs discussion, the acceleration of 
the contacts of an oil circuit breaker is frequently mentioned. 
It appears to me that the velocity with which the contacts of 
such a device part is more important than their acceleration at 
any particular point. It is also very noticeable that Mr. 
Randall continues to adhere to the fallacy that most oil circuit 
breakers are gravity-actuated. In reality, most oil circuit 
breakers are actuated through the most important portion of 
their travel by springs and not by gravity or solenoids or other 
electrically operated mechanisms. This factor is very important, 
since the time delay which may be introduced in the initial 
operation of an oil circuit breaker by a solenoid or other electrical 
mechanism is appreciable when compared with the time delay 
introduced by a spring or similar mechanism having a coUvSider- 
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able amount of stored energy awaiting release for breaker opera¬ 
tion. 


Another very interesting thing in connection with oil circuit 
breaker study is the fact that if the conditions are property 
selected, an oil circuit breaker may be made to start and com¬ 
plete the interruption of a given circuit at least one-fourth 
cycle before the current in that circuit would normally have 
passed through zero. This condition, however, is not a wise 
one to attain, since the results of numerous tests have indicated 
that the very sudden interruption of a circuit carrying even 
small current may produce excessively high pressure rises in 
that circuit, resulting in the destruction of the insulation, even 
though the energy present is comparatively small. 

The proposed method for rating oil circuit breakers and speci¬ 
fying them follows in general the present A. I. E. E. rules. One 
important factor, however, which is omitted by the rules is 
also omitted in the paper, T e., the worst power factor of the 
circuit for which the breaker will be supplied. A hint of the 
effect of power factor is given in diagrams in the paper, but in¬ 
asmuch as these are the results of theoretical analysis and no 
evidence is given that they are based on experimetyal data, 
complete reliance cannot be placed on them. It is known, 
however, that the power factor of a_ circuit has a very great 
influence on the duty to which the oil circuit breaker is subjected. 
The results of a great number of tests have indicated that a 
])Ower factor of about ,0.45 will more than triple the duty 
of an oil circuit breaker normally operating on a 0.98 power 
factor circuit. This result can be readily understood when 
it is considered that the power factor of a ^ circuit is inmost 
cases a measure of the stored electromagnetic energy in that 
circuit. Consequently, increasing the stored electromagnetic 
energy increases the energy which the breaker is called upon to 


d issipate 

F. W. Harris (by letter): Mr. Randall states: “ Furthermore, 
neglecting the voltage peaks required for re-establishing the 
current, the maximum vSteady voltage attainable across an arc is 
limited, regardless of the length of arc or current volume, and 
hence, the same loss is developed regardless of the rate or length 
of opening, provided the current and time of arcing is the same. 
This is explained as follows. With practically any current en¬ 
countered in serious breaker problems, the ionization in the arc 
space will be quite complete and, therefore, it will constitute an 
excellent conductor, becoming better as it is further heated by 
increased currents, so that the drop will remainjDractica Y con¬ 
stant independent of the current volume, provided it does no 

fall sufficiently to threaten deionization. / n rp. 

This might be differently stated as follows: (a) The voltage 
drop across the arc of an oil circuit breaker is quite independent 
of the length of that arc. , {b) The voltage drop across the arc 
of an oil circuit breaker is qmte independent of the current 


flowing through that arc. 
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Even explained as Mr. Randall has c.xplaincd it, on thc thccrj- 
of ionization, it is hard to lielieve that Ins statement is 
as it is contrary to our knowled.i'e of arc phenomena,. In the case 
of an ordinary arc the voltage diop acioss iiie aic,. ^ t 

faster than the length and the voltage tails as ^ 
increased. I do not believe that an arc in oil is an> dihucnt 

from anv other arc in this particular. ^ .Imwino- 

In my opinion the action, when a circuit is oiicntd 1>\ diau mg 

an arc under a hydrocarbon oil, is purely 

introduction of the arc [lath into the h/pt t,ell 

values very little, the resistance of the arc ’leing smal , ottui ivc 1 

below ten per cent of the total resistance ol the cn cun,. 

tivSy heavv short circuits on an 11,000-volt circuit, the niaximum 

obsefved drop through the four breaks^ of a ‘Ph-irthe 

breaker is often less than 1000 volts. At the inst.uit that tue 
current reaches zero we have alow resistance and :i moment after 
we have an infinite one if the lireaker oiiens the cnciii 

In considering circuit breaker action we must undcislan l the 
conditions that exist just after the current reaches zero, 
have had a low-voltage high-current arc [lassing • v- nor 

in the hydrocarbon oil. This liole is Id ed wit li 
and with Inirnt oil. The liurnt oil is m the form ol h> duu a 1 u 
vapors, such as methane, CH.i, and lower liydnicailious \\illi 

lirolialilv some free hydrogen and iicrhaps sonu,; 
f(,irm. The metallic and carl.on vaiiors are 
the hydrocarbon and Irydrogen vapors are not.^ [ 

arc establishes itself or not depends on three > y- y; 

length of the vaiior iiath; second the specific f 
vapor iiath; and third, the wiltage available to y’ 

over that path. The crisis is essentially the same as lluit f.iccl 
by the alternating-ciirrent arc lami,> 120 times secoinl. i y 
lamp, however, continues to arc oyer where the ’ - 
opens the circuit. In any circuit breidcer the length oi ‘ 
voltage available are such that an ordinary arc in air would In 
indefinitely. It is in the specific conductiyit.y ot the va,K,.r pa 
that the .secret of oil circuit breaker action lies. Ihe l aiyir p_. 
acts like a check valve resisting reversal of tlic current 
I believe this valve action is due to a preiionderance ol hydiogen 

in the vapor path. ‘ 

In breakers having a considerable nurnber ot lircaks in seiuy 

each break is a law unto itself. As the resistance of each bu‘^‘ ■ 
is small the current flowing is determined by external^ eondit 
and not by arc conditions. The current being fixed by exU 
conditions, the energy in each arc path is dcUirmined 
wholly by the length of that path. It is practically imfiossible 
to set multiiile contact breakers so that all lireaks oiieri at once. 
The result is that the first break to open alisorbs nearly a l tfie 
energy, the other arcs being short and of much lower voltag- 
Consequently the conditions for preventing reveisal 
fer widely among the varioms breaks, one or more 
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being generally quite favorably situated at the instant of 
reversal. The ideal circuit breaker would break the circuit 
at the instant of current reversal and the more breaks you 
have in series the more likely one of them is to be ideally 
situated at that instant. I have had some experience with both 
the resistance and the reactance breakers, having had some share 
in initiating this development, and I cannot help feeling that an 
increase in the number of breaks in series would go a long way 
towards solving the breaker problem without the necessity of 
the more complicated reactance type. Mr. Randall evidently 
feels that the multiple break type will involve complications of 
structure not met with in the reactance breaker, but such is not 
a fact. Such multiple break circuit breakers can undoubtedly 
be made as compact and quite as efficient as the reactance type. 

K. C. Randall: Replying to Mr. Franklin, reactance is 
preferable to resistance because it takes less space, is cheaper, 
and satisfactory for the purpose. 

Replying to Mr. Torchio, series reactance is satisfactory for 
some applications but often the drop, always present across the 
reactance, is not desirable, and on such circuits from heavily 
powered systems the reactance type of breaker may be required. 

Replying to Mr. Summerhayes, some years ago tests of arcs 
established under pressure showed qualitatively an advantage 
from the pressure. 

Mr. Merriam’s contribution is of particular value, coming 
from an experienced circuit breaker engineer. The reference to 
papers previously presented on this general subject is also timely. 

In regard to series reactance, it may be noted the value of the 
series reactance in feeder circuits has been generally well recog¬ 
nized as the protection to service on adjacent feeders. Some¬ 
times, however, the value of the reactance required to make 
circuit breaking easy or even safe is not available nor permissible 
as a permanent series arrangement. Here the reactance breaker 
finds a good application. 

The author is glad to note essential concurrence in an engineer 
of Mr. Lichtenberg’s broad experience and also acknowledge 
the additional data which he contributes. 

The slight error in referring to the oil temperature in the paper 
does not make plain that a range from zero deg. fahr. or minus 10 
deg. fahr. was the lower limit for most oils, although, as Mr. 
Lichtenberg points out, oil suitable for breaker work throughout 
a much wider range is available. 

I can hardly agree with Mr. Lichtenberg that essentially the 
oil circuit breaker is a device for dissipating the stored electro¬ 
magnetic energy of the circuit.” It is true that energy is dissi¬ 
pated in the tank when a breaker operates under load, and as 
generally acknowledged, the less energy there may be, the less 
danger from destruction, for experience has well proved that 
violent explosions—dissipation of enormous energy—are the 
usual causes of oil breaker failures. From this it is apparent 
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that rather than designing to increase the amount of energy that 
may be dissipated within the breaker tank, the endeavor should 
be to decrease this amount of energy, for in so doing any given 
strength of construction will be adequate for increased duty, or a 
given duty can be handled with a lighter unit. 

It seems to me that an oil breaker could be better described 
as a device for establishing a dielectric of essentially infinite 
value in a circuit otherwise capable of carrying current. A 
breaker of infinite opening speed would cause most of the stored 
energy to dissipate in the circuit; that is, outside of the tank. 
A slow breaker might allow not only the stored energy but addi¬ 
tional energy from the power supply to dissipate within the tank 
(until destruction). In general, the less energy dissipated the 
less the chance of damage, as is obvious. Any plan whereby the 
necessary dissipation of energy within the breaker tank can be 
reduced will operate to increase the rupturing capacity, and vice 
versa. Consideration of these facts leads the author to have 
confidence in a highly accelerated breaker which—as is acknowl¬ 
edged by Mr. Lichtenberg—tends to ditninish the time of the 
arc, and hence the amount of energy dissipated , which is the 
desired result. 

The ideal circuit breaker terminates the current close to the 
normal first zero after the contacts separate. Increasing the 
rate of contact separation tends to hasten the ^ current termina¬ 
tion and also to prevent reestablishment, owing to the greater 
oil distance separating the contacts. All of these considerations 
clearly show the advantage of the highly accelerated and there¬ 
fore rapidly opening breaker. However, for some applications 
the multi-gap design may be useful. The evil result of too fast 
opening, causing premature termination of current (before 
normal zero), is quite properly emphasized and again illustrates 
where a highly accelerated double-unit breaker with one member 
shunted by reactance finds excellent application. Such a unit 
built up of members of modest individual capacity will be suitable 
for service on rather large power, because the operation is to 
first reduce the current to a satisfactory low value and then 
interrupt it with little, if any, line disturbance. 

It might be further added that the current which circuit 
breakers are required to rupture is almost invariably determined 
by the characteristics of the circuit and not by the breaker. 
Therefore, increasing the number of arcs within the tank means 
a corresponding increase in the amount of energy to be dissipated, 
while terminating the current by ^a single breaker will be ac¬ 
companied by a minimum dissipation of energy within, the tank 
and at the same time, if highly accelerated, afford greater assurance 
that re-establishment after the first zero will not occur. _ 

The author finds an apparently general concurrence in Mr 
Harris’s discussion, although viewed from a different point and 
expressed on a different basis. 
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COMPARISON OF CALCULATED AND MEASURED 

CORONA LOSS CURVES 


BY F. W. PEEK, JR. 


Abstract of Paper 

Corona loss curves made on a number of experimental and 
practical lines by different investigators have been corrected 
and plotted. The loss has been calculated by the quadratic law 
for each case under the same conditions as to spacing, conductor 
diameter, altitude, etc., and plotted for comparison. 

It is of interest to note that the measured values were made 
in various parts of the country. The time period covers 
a number of years and the altitude varies from sea level to 10,000 
ft. An exact check of calculated and measured losses cannot be 
expected, as the exact conditions of conductor surface, the wave 
shape, etc. are not always known. Such losses are also difficult 
to measure, especially on practical lines where the voltage 
range is quite small and there is a large number of corrections 
to make. The check is as close as the accuracy of the measure¬ 
ments permits. The variations from the calculated values are in 
most cases due to the fact that practical measurements have 
been made on the unstable part of the curve below the visual 
critical voltage value. The losses at this part of the curve are 
fully discussed. 

C ORONA loss curves made on a number of experimental and 
practical lines have been collected and plotted. The loss 
has then been calculated by the quadratic law for each case, under 
the same conditions as to spacing, conductor diameter, altitude, 
etc., and plotted for comparison. In all cases the full lines in 
the illustrations represent the calculated curves, while the 
broken lines represent the measured curves. 

It is of interest to note that the measured values were made 
at various parts of the country, by independent investigators, 
and that the time period is a number of years. The altitude 
varies from sea level to 10,000 ft. An exact check of calculated 
and measured losses can not be expected, as the exact conditions 
of conductor surface, the wave shape, etc., are not always known. 
Such losses are also difficult to measure, especially on practical 
lines, where the voltage range is quite small and there are large 
corrections to make. In most cases, when such loss curves on 
practical lines have been given, measurements have not been 
carried above the visual critical corona point. 
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Before mi examination of the curves is made, attention is 
called Itj tlie followiiijt summary of facts which are fully dis¬ 
cussed in Law af (Corona .. L* 

The law of coromi Itikes Ifie general form 

which means tluit iindtm conditions otherwise constant, the 
loss varies tm tho sc|iuirt^ of lht;‘ a|)plied voltaK<‘n alcove a certain 
critical voltaciU I'U or f\i, Fiys. 1 and 2 show characteristic curves. 


n, or fM, Fins. 1 and 2 show cliaracteristic curves, 
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VisUtil ctironii tiocs in»t wUirl ut thu disfuplive critical voUu^e, but 
at some higher voltage tv, the \'iKual critical voltage. Both of these 
voltages have been calculated and marked on the curves. Theo¬ 
retically, if the conductors were perfectly smooth, no api:>reciabk! 
loss silould occur until the visual eritical voltage, r», is reached, 
when the loss should suddenly take a definite value. I* or ft, 
and higher vtiltages, the loss should follow the (|uadiatic law. 

•Tkass. a. I. E. E., lin i.p. 1HH9. See also Law uf Corona U.TuxttH. 
A. I. E. E., 1912, |i. Htotianfl Voltage Engineering," Journal of 

Pfajsklin iMtitute, Dceeniber, 1913. 
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2—Outdoor Single-Phase Experimental Line. (Tests made 
BY F. W. Peek, Jr., Schenectady, 1910) 



Fig. 3 —Lower Part of Fig. 2 to an Enlarged Scale 
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In practise, due to dirt, points, etc., brushes occur on the con¬ 
ductors at voltages lower than Between ey and eo, due to 
these brushes, there is a loss. This loss practically follows the 
quadratic law for lai'ge weathered conductors, where ey and eo 
approach each other in value. See Fig. 1. For small conductors 
and especially new conductors with fairly clean surfaces, the 
loss between ey and eo falls below that of the quadratic law, as 
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Fig. 4—Shoshone-Leadville Transmission Line, Three-Phase. 

(Tests made by Faccioli) 


shown in Figs. 2 and 3. If the conductors were highly polished 
there would be very little. loss until the voltage is reached. 
At this voltage the loss would suddenly ftake a definite value 
very nearly equal to that calculated by the quadratic law with 
ey as the applied voltage and eo as the critical voltage in 
.the equation.* In all cases the loss follows the quadratic 
law above The part of the loss curve between eo and 

r' 

* eo or ed must always^be used as the critical voltages in quadratic 
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will thus vary from day to day-depending upon the chance 
condition of the conductor surfaces. Over this unstable sec¬ 
tion of the curve the loss follows the probability law. It is of 
practical importance only to know the limits of the loss at 
this part of the curve; Co should generally be the limit of volt¬ 
age on practical lines, as otherwise storm losses become excessive. 

Thus, from the considerations above, the quadratic law should 



Fig. 5 Outdoor Experiment.a.l Line, (Tests made by Mershon, 
Niagara Falls). (See Trans. A. I. E. E., 1908, page 876, Fig. 27) 

be closely followed in all cases for voltages higher than e,. For 
the part of the curve between e^ and eg the loss is unstable and 
dependent upon chance surface conditions, dirt spots, etc., as 
follows: 

1. For large weathered cables, such as are used in practical 
lines, the quadratic law is closely followed. 
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KILOVOLTS BETWEEN LINES 

-Outdoor Experimental Line. (Me.asurements made by 
A. B. Hendricks, Pittsfield, 1906) 
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Pig 7—Outdoor Experimental Line. (Tests made by Harding, 
JuRDUE University). (See Trans. A. I. E. E. 1912, page 1035) 
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2. For new conductors, and especially small ones, the loss 
at voltages lower than the visual critical voltage, falls below 
the quadratic law. 

Figs. 1 and 4 are typical of condition (1), while Figs. 2 and 5 
are typical of condition (2). 

Figs. 1 to 7 show a remarkably good check between calculated 
losses and data available from measured losses. Another check, 
which is given in the N. E. L. A. Bulletin for June, 1912, * might 
be mentioned here. This paper states that the loss roughly 
measured on the Eastern Michigan line by station instruments 
was between 15 and 20 kw. per mile. This line is of No. 0 copper 
at an average spacing of 174 in. The voltage was 140 kv. at 
one end and 165 kv. at the other during the test. Under these 
conditions, the average calculated loss per mile is 15 kw. 

The many hundred tests, made on our experimental outdoor 
and indoor lines, from which the quadratic law was derived, 
check as in Figs. 1 and 2. 

The following formulas were used in making these calculations: 

Visual Corona. ^ 

Bv = nivgv ^ loge — kv. to neutralt 

r 


gv 


— 21.2 5 (1 “k 


Q.301 


kv. per cm. (effective sine wave) 


Corona Loss. 

jFor practical transmission lines and frequency near 60 cycles: 
p == a f {e - Bq)^ X 10"^ 


Bq « ntQ SgQ r loge — kv. to neutralf 

r 

§For small wires and calculation over a greater range of frequency, 
etc: 

*G. Faccioli, ‘‘ Corona on High-Tension Lines,” N. E. L. A. Bulletin, 
June, 1911. 

tKilovolts between lines divided by 2 for single-phase and V 3 for three- 
phase. 

tLaw of Corona—I and II, Trans. A. I. E. E., 1911 and 1912. 

§“High-Voltage Engineering,” F. W. Peek, Jr., Franklin Institute, 
December, 1913. 
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/ ” 
j f “I- ^ “I" 0.04 

a/ ‘S' 

p = 241 (/ + 25) ^ --(5 - eaY X 10”^ 


ed nio gdr log 


5 

f 


gd 


gob (1 + 


0.3 _ 1 

1 + 230 


The probability law 

where 


p = loss in kilowatts per kilometer of a single-line conductor. 
e = effective value of the voltage between line conductors and neutral 
in kilovolts-. 

/ = frequency. 

344 J r 

^ J 

r = radius of conductors in cm. 

5 = spacing between conductors in cm. 


5 


3.92 b 

~ air density factor = - 

^ 273 4* ^ 


b = barometer in cm. 
i = temperature deg. cent. 


go = 21.2 kv. per cm. effective sine wave. 

nto is a constant dependent upon the surface condition. 

Wo ” 1 for polished wires. 

Wo == 0.98 to 0.93 for roughened or weathered wires. 

Wo = 0.87 to 0.83 for cables. 
fttv- Wo for wires. 

Wv= 0.82 part corona \ 

0.72 complete corona J 



1915] 


DISCUSSION AT NEW YORK 


277 


Discussion on “ Comparison of Calculated and Measured 
Corona Loss Curves (Peek), New York, February 
17, 1915. 

J. B. Whitehead. Mr. Peek states that in the case of clean 
wires his losses would begin at the voltage Ev, rising abruptly 
from 0 to the values shown for their voltages on the curves. As 
I understand it this voltage Ev is that at which corona breaks 
out on clean wires and is calculated from the now well known 
expression involving the diameter of the wire and the distance 
between wires. 

We are indebted to Mr. Peek for many valuable observations 
on corona losses. Engineers must, of necessity, turn to his 
work in their provision against this important limitation of high- 
voltage transmission. He has from a large number of curves 
deduced the empirical formula given in the paper for calculating 
values of corona losses. 

Mr. Peek notes, as already stated, that the loss on smooth 
wires would begin at the voltage Ev, rising rapidly from 0 value 
to that given by his curves of observation. He finds, however, 
in his curves from observation that the loss continues below the 
voltages which are lower than Ev by varying amounts. Mr. 
Peek tells us that these losses below the voltage Ev are due to 
dirt and other surface irregularities. If I understand his paper 
correctly it is his claim that these irregular losses, due to imper¬ 
fections,. may also be calculated by means of his formula. I 
should like to ask Mr. Peek why, if these losses below Ev are due 
to such indeterminate factors, we should attempt to tie them 
in with a definite law. As a matter of fact, the curves of ob¬ 
served losses below Ev as given by Mr. Peek do not appear 
to have any definite relation whatever to the calculated curve. 
In Fig. 1, the observed losses extend far below the value Eo, in 
Figs. 2 and 3 they start well above Ed, in Figs. 4 and 5 they 
again start below Ed. In Figs. 6 and 7 we cannot tell where they 
cross the 0 line, although in the latter case we have evidence 
of most erratic behavior. 

I heartily concur with Mr. Peek that on clean wires there 
would be no loss below the critical corona-forming voltages 
Ev. Indeed all measurements of precision prove this beyond 
doubt. I should much prefer, however, to take care of the ex¬ 
istence of losses in actual transmission lines at voltages below 
Ev by the use of an engineering factor of safety rather than by 
any attempt to include indeterminate and variable factors in 
a rigid formula. 

In my opinion the losses on smooth wires would begin at 
Ev, not with a sudden increase to a value represented by. any one 
of Mr. Peek's curves, but from 0 rising gradually and in a uni¬ 
form curve and perhaps coinciding with Mr, Peek’s curve at 
some voltage well above Ev. The entire area between this theo¬ 
retical curve and a curve of observation as given by Mr. Peek 
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would then be due to surface irregularities, weal liining, eft*, 
This area would therefore vary widely in different tdrtnrnisuaiiia': ^ 
and its influence on design should "tlicrefore be tnkisi earn n! 
by a factor of safety. 

Philip Torchio: I ask Mr, Peek if the kiw of fyO kv. per tail, 
gradient would hold in layers of insulating materials wliere f ile 
distances may be very small. 

'SN* !Peekj Jr* : I would like to slate again that ilie ealeii- 
lated losses and the losses measured on |)raeti<‘a! liru*s eaiinot 
be expected to check exactly, especially on the lower pari of 
the curve. This is so because of the diflicult)’ making ?n.ie!i 
measurements on long practical lines. It is generalK' net*i‘s*;mw 
to make these measurements on tlie low side of tin* tiuir”;* 

former, and the wave shape, barometric corrections, etc., are imt 
always actually known. Tlie check olitained hert* is as close 
as the accuracy of the measurements on |)racii(‘a! lines peiariiis. 

The disruptive critical voltage, Co, wliich Dr. Wlhltiuan! 
referred to in his discussion, was not determined by a sifigle 
reading on the unstable part of the curve, l)ut it was thiiaiiiiiiei} 
from readings extending over the whole curve. liumlreds of 
corona loss curves were carefully made cm the* experifiaaila! 
line. These curves were measured on lire high sifle. and all 
corrections were actually known. It was fouml ihal alnyve the 
visual critical corona voltage these curves oliev ai|uadralie law, 
thus: 

p ^ k {e ~ faf 


Therefore, if and e are |;)lotte<1,a straiglit line eufling tin 
6 axes cit 6q results. Ihiis, as already stated, was noi deiei*" 
rnined by a single reading on the lower |)a,rt of tlie enrve, I ml t iv 
the whole curve over a range oi voltage in sonu,? ea„ses a^s iiiiicdi 
as 20 times as high as the critical voIta.g(‘. The gf»nv!ii*i.ii cnf* 
responding to the eo voltage is always 30 kv. {ler cam iii;ixiniiirri, 
the strength of air. Losses at the lower part., tif ila* caifve sire 
fully discussed in my papers. 

Mr. lorchio .has asked if the voltage graditaii :ri!c:|ii.irefl to 
start corona, or cause sp.ark-over at very sniidl S|.i*'i.t.arig;s, i,?.; 
greater than at Icirge spacings. The a|.)pa.fent, sireiiiVli of air 
increases very rapidly alter the s]„)acing is dec:reasiHl behiw ii 
given minimum value, I he minimum value d|,H.a]<'.Ia i,i|irci"i t.Jic* 
shape and size of the electrodes. For splieres ii is f'l.O"! V# 
om.r where R is the sphere radius in cm. This snldeet is 
discussed m my paper of June, 1913. " .. ' 
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A 100,000-VOLT PORTABLE SUBSTATION 


BY CHARLES I. BURKHOLDER AND NICHOLAS STAHL 


Abstract of Paper 

Expanding needs of the Southern Power system, paralleled 
many miles by railroads, required a flexible-connection trans¬ 
former relay of large capacity, easily portable, and self-con¬ 
tained on a single car. The equipment in operation is of 4000 
kv-a. actual capacity, and provided with high- and low-tension 
switch gear, instruments, panel, wiring and cables, oil-insulated* 
self-cooled transformers with motor-driven blower for forced air 
draft, special means of establishing the high-tension delta with 
100,000-volt clearances, after transformer terminals and high- 
tension switches have been raised by a portable derrick from 
receptacles where all fragile parts are protected from malicious 
tampering. Besides meeting standard freight car requirements 
for transportation, substantial, specially braced trussed super¬ 
structure is provided for supporting cabs and switch gear, which 
latter, as well as transformer terminals, must be lowered, during 
transit, to meet railroad clearances. Unusual flexibility of 
voltage connections is secured, contributing largely to the suc¬ 
cessful operation. 

Current for lights, instruments and blower motor is obtained 
from auxiliary transformer windings incorporated with the 
main units. 

Low-tension arrangements allow operation at various volt¬ 
ages with minimum switching. 

The entire equipment is designed for simplicity and dispatch 
in disassembly for transit, and reassembly in new location. 

I N JULY, 1914, there was put into service on the system of 
the Southern Power Company a portable transformer 
substation, unique in several respects, particularly so in the 
actual capacity of 4000 kv-a. and in the adaptation of the 
apparatus for operating voltages as high as 100,000. 

The idea originated from the growth of the Southern Power 
Company, the need for some means of extending, at will, the 
connections of the system, and the somewhat unusual trans¬ 
portation facilities along its transmission lines. 

At present, about 1000 miles of 100,000-volt circuits are in 
operation, with nearly 550 miles more of 44,000-volt lines, 
besides perhaps 90 miles at 13,200 volts and the regular dis¬ 
tribution circuits at 2200 volts. The high-tension circuits are 
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.connected in the multi-meshed network vshown dji tlu; niafi, 
Fig. 1. The connected transformer capacity, step-up ami stcje 
down, is approximately 365,000 kv-a. Closi-ly panillel 1<.> tlu'se 
circuits run, for an aggregate distance of ahont 700 inik'S, <tiie 
or more of the following railroads: Southern, Seahoai'd Air 
Line, Atlantic Coast Line, Piedmont, ft Northern, and Cliiieii- 
field, thus offering a tempting opportunity, denied to inur:- 
mission systems remote from railroad fai-ilities, for the us** ef 
a portable substation equipi)ed to serv** a r";iriet\' of purposes, 
especially as the territor}' scr\'e<i contains m.'uiy niill.s and towie; 
along the right of way, where sidings an* a\-ailal)le. 

Functions 

Such a station must l)e capalde of su|)plying .adefjuate tnue: 
former relays for tlie following u.se.s; 

1. Spare capacity for even the iargi'sl slalions. 

2. Temporary replacement, of a distriiniting or tie-in .■..ui<- 
station being enlarges! or rebuilt, 

3. Break-down replacement of a .sul).siati(*n. 

4. Emergency stand-by service Pi <ir from imighbortu).: 
transmission com|)ani(‘s, c'(*utral stations or isiihated |i]ants, 

5. ‘‘Pioneer .service” at town or mill, p**mling the d.'PT- 
mination of the piojier jiermaiU'Ut. substation *'(|ui]iin(*nt. 

6. Tentative service for mill or other j)ros|ie<'liv*‘ eustouier 

7. ‘‘Power solicitor service” with tliose needing |i(nver 
immediately. 

8. Miscellaneous I'lnergencies. 

RkQ U is it is C H a K a CT is H I ST I cs 

To perfoim the.se functions satisfactorily, the e*|uip)nenl must 

(a) admit of transport over st.andard steam and electric rail- 
wa.ys, i.e., not exceed the limiting dimensions and weigiits in- 
volved in passage t,hrough tunnels, over liridges or und..r‘tracks; 

(b) make such parts as would, in service, extend beyond rail¬ 
road clearances, capable of ea,sy and rfpiid disassemlily ami, 
a-ter transport similax reassemlily ready for operation'in t he 
new location; (c) insure obtaining suitalde nominal voltage for 
both transmission and distribution ciretiits; {d) admit of varv- 
ing e.se nominal voltages liy moderate gradations to meet 

V Huitalde high, 

and low-tension switch gear, in.stnmionts and metering devices- 

(/) protect fragile parts from damage by maliciou;; mischief * 


rail- 




suitafiie 




-Wi .w. 


mchmt 
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while in transit or unattended during out-of-service periods; 
(g) carry all accessories for a self-contained unit, such as lift¬ 
ing devices for extensible parts, spare breakable apparatus, 
etc.; (h) conform to requirements of Interstate Commerce Com¬ 
mission for freight car service. 

The problem of combining these characteristics to perform 
the desired functions found its chief difficxilties of solution in 
carrying safely on a single car the weights incident to such 
high-powered apparatus, and insuring the necessary clearances 
for the high-voltage circuits; the successful solution is due in 
large measure to Mr. George N. Lemmon for the treatment of 
the various parts so as to render unnecessary any changes after 
installation. 

The question of weight involved symmetrical loading of the 
car without prejudice to the workability of tlie apparatus, 
while proper clearances for 100,()00-volt circuits within the 
space limitations of a single car ( an essential criterion establislicd 
by the operating company) made necessary the choice of air- 
break switches of the horn type with wide spacings from pole 
to pole, and horns located above other apparatus to allow tlie 
arcs to clear. 


Description of Equipment 

General Arrangement. Three 1000-kv-a. transformers, tliree 
high-voltage horn gap switches, and two enclosed cabs, are 
arranged alternately along the length of the car, and occtifiy 
the entire floor space except for a railed-in walkway for train¬ 
men at one side. Each transformer weighs 29,000 11),, and one 
is located over each truck, with the third placed near the center. 
Six built-up steel columns, with latticed struts, guy rods, arid 
cross bracing, provide supports for the high-voltage switches, 
and also form a rigid framework to which the cab sheathing, 

the oil switches, and the switchboard are attached. See Pigs. 
2 and 3. 

The principal dimensions of the car are: 


Length over sills.. .. 

Width over sills. 

Truck centers. 


Height from top of rail to car floor 
Wheel base of each truck. 


oa ft, 0' in, 
9 ft. 0 in. 
26 ft. 0 in. 
3 ft. 7 in. 
5 ft. 2 in. 


The trucks are diamond truss type, M.C.B. standards, ca- 
• , * 120,000 lb. exclusive of car. The main framework 

consists of two center sills of 15-in., 55-lb. channels reinforced 
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by 3-in. by 3-in. angles, and extending the whole length of the 
car, 38 ft. End and side sills are 12-in., 40-])b. channels with 
side truss rods. Bolsters are built up of plates and angles. 
Cross beams are 6-in., 8-lb. channels. The floor is J-in. steel 
plate. Cross beams are arranged in pairs to suit the holding- 



Fig. 2—Substation Elevation 


down bolts of the transformers, which are thus secured directly 
to the car frame. 

Buffers, draft-gear, air-brakes, springs, journal-boxes, and 
axles are provided to accord with standard M.C.B. require¬ 
ments, as well as the wheels of 33-in. diameter and standard 



Fig. 3—Substation Plan 


tread. The steps, grab-handles and hand-brakes are of the 
standard freight car type. 

High-Tension Suoitches, Three double-break horn-gap switches, 
specially designed for 100,000-volt service, are arranged trans¬ 
versely on the car, each being carried on a steel base which, to 
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secure proper clearance height for the horns, siicic^s 'x-t.'i 
inside the main columns, and can be raised or hnn‘rc*<1 In* 
of two small windlasses, operated by men stationc*d at vtuni " 

of the car. Simultaneous service o|H‘ration llu.* 

obtained by means of a |)ipe rod conni‘Cti‘d in a cr* 
switch. 

^ The switch bases slide up and down in guides 
7-in. and two 4-in. channels, and 
each switch has four insulators 
of the post type, coniprising 
six 14-in. porcelain disks. The 
blade is of special brass 1(‘(% 
pivotally mounted on tlie two 
central insulators, thus ci\’inc 
a break Iretwcen a liriir (if lionis 
at each end of tlie liltidc, as 
shown in Fig. 4. 'I'he iot:iI 
clearance between the teniiinals 
of an open switch i.s (i ft. Fach 
insulator weighs I?") Ih., the 
total weight of each unit raised 
or lowered being 950 lb. 

The pas.sage-way for traininen 
and operators limited (he dis¬ 
tance the .switches might lie 
lowei-ed, and hence it was necia; 
sary to make the horns di'tach- 
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able by .simply bolting each iiorn •' 

in Dosition were firs If Ilf 


I’U.f. 4 ■ ivij',v.i\riMs Mj: 


in position 

The columns serving a,s switch guides ;,re lirared a! »!» 
by latticed .struts and diagonal rods udflt (nrnbuekle.,. 
structure thins also iiroviding the main su|i[ior!,s for i’ 

and the ncces.sary cro.s.s-bracing is, in turn, ineorjir,rati 

walls of the cabs. 

High-1ension IJclin, 4\) (\stal>l!sh tin* i <■* t i 

Ificicnt clearance lor lOO.OOO-volt operation, the second - 
third transformer l.erminals slunvn in Fig 8 feonnfim ' 
the m are »„nectal ,hr,.e,lv ’ 

1th the nght-hand switch, tlu; fir.st tenninal ioinine 
hand switeh directly, and tlie delta is eloseri' hv 
this switch a lead from the sixth terminal hy me.ms 
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type insulators with special bases which hook over the latticed 
strut so that the insulators lean outwardly at an angle of about 
45 deg., and require no bolts for proper support. 

Transformers. For obvious reasons, oil-insulated, self-cooled 
transformers were the only admissible type. Space limitations 
in height, however, were imposed by tunnel and bridge clear¬ 
ances, and likewise in width both by the necessity for sym¬ 
metrical truck loading and by the Interstate Commerce Com¬ 
mission requirement of a passage-way for trainmen; similarly 
in length, by the desirability of keeping down the over-all length 
of the car, as well as by considerations of normal transformer 

design, which apply also to undue proportions in the other di¬ 
mensions. 

Thus arose the necessity for provision of additional cooling 
arrangements, which were secured by a 20-h.p. motor-driven 
blower having capacity for 20,000 cu. ft. of air per minute at 
1 oz. pressure, forcing air from the cab, shown on the right in 
Pig. 8, through suitable ducts surrounding the base of each 
transformer, and up along the corrugations. The supply of 
this air can be regulated by shields, or screens at the trans¬ 
former base. These screens are adjustable in height, acting 
as valves to the air, which, as experiment shows, closely hugs 
the corrugations, so that it is not necessary, for adequate cool¬ 
ing, to carry up an enclosing casing further along the sides 
of the transformer. 

A hinged portion of the cab sheathing, which is padlocked 
shut in transit, is open when in service, and serves as an awn¬ 
ing-like protection for the blower intake, while allowing free 
access of air to it. 

To allow transport through tunnels and under bridges, it 

is necessary to house the transformer terminals, and to lower 

the high-tension switches. In the case of the transformer 

terminals, this is accomplished by rigging from the latticed 

strut structure, forming the top of the framework above the 

car,^ a wooden derrick, the parts of which are carried as car 

equipment. With this derrick the terminals are lowered through 

openings in the tops of the cabs, where special steel racks are 

provided for these terminals, including sheet steel cylinders, 

which cover the ends of the terminals normally under oil 

and prevent the entry of moisture to the condenser type 
bushings. 
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Flexibility of Connections. It is possible to secure the follow¬ 
ing high-tension voltages: 


100,000 

69,466 

43,06e 

96,533 

66,666 

40,266 

93,066 

66,000 

39,600 

89,600 

63,200 

36,800 

85,800 

60,400 

34,000 

86,133 

59,733 

33,383 

83,333 

56,933 

29,866 

82,666 

56,266 

30,538 

79,866 

53,466 

27,066 

79,200 

52,800 

26,400 

76,400 

50,000 

23,600 

73,600 

47,200 

20,138 

72,933 

46,533 

16,666 

70,133 

43,733 

13,200 


The current-canying capacity of the windings is such that 
28 out of these 42 possible high-tension arrangements can be 
used with rated capacity output from the transformer (IWIO 
kv-a.) without exceeding, in continuous operation, a tempera¬ 
ture rise of 40 deg. cent. 

Low-tension windings provide for ftiU capacity output at 
2200, 4400, 6600 and 13,200 volts. { ^ 

Therefore, out of the 168 possible ratios of transfOTmt^bf^; 
112 of these combinations can be secured with full capacity 
the' transformer. 

I Auxiliary Transformer Windings. Small lead-covered leads 
are also brought otjt from the low-tension sides of the trans¬ 
formers from separate single-phase windings for 110 volts and 
10 kv-a. capacity each, which provide: first, current for the 
Wowermotor, regardless of what may be the high-tension or 
low-tension voltages of the main windings; second, lighting for 
the car; third,, source of voltage for the instruments. 

^ ; is established inside the switch cab 

shown on the right in Fig. 9, the leads being brought by the 
heavylead-covered cables indicated, to a point near two switdbei, 
(im far sides of which are connected together, and jointly feed 
cwctgmng lowrtehsi^ leads, which pass out of the rear wall 
Spf the s^^ through porcelain bushings let into a treatod 
l^sppbden terminal block, shielded from drip from the 
^^:W^i»g'and'Switch Gear. High-tenaon wiring is bare <xq)per. 
1^ low-tension wiring is lead-covered cable, the mtk leads 
Insulated for 13,200-volt operation, and (d suSdost 






PLATE X. 

A. I. E. E. 

VOL, XXXIV, 1915 


Fig. 5 Car Disassembled for Transit—Siding a^t^K m^Gs Mou^^ 


TAIN, N. C. 


Fig. 6—Car in Operating Location, Kings MountT™c! 

Lowering Transformer Terminals 



















PLATE X!. 

A. I. E. E. 

VOL. XXXIV, 1915 



[BURKHOLDER & STAHL] 

piQ. 7 —High-Tension Switch Raised into Place by Windlasses 
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Fig. 8—High-Tension Switches and Horn Gaps Assembled 





















PLATE XII. 
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Fig. 9—View of C.\b Entrances and Low-Tension Wiring 
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Fig. 10—Substation in Operation on 44,090-Volt Circuit 





















































































PLATE Xlll. 

A. !. E. E. 

VOL. XXXIV, 1915 



fuUKKliOIJfKK & ht'Am.! 

Fig. 11— Substation in Operation at Hickory, N. C. (44,000 

VOLT.S) 
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capacity to carry full transforraer output when operated at 
2200 volts. 

Suitable voltmeters, ammeters and watt-hour meters are 
mounted on an appropriate panel, also containing the operating 
handles for the low-tension oil switches. 

In order to provide proper metering equipment for the lowest 
voltage (2200), as well as the highest, (13,200), of the low- 
tension airrangement, two sets of series transformers are used, 
and so operated from a pallet-switch, mounted on one of the oil 
switches, that when one of these switches is opened, the cor¬ 
responding series transformers are short-circuited, and the 
series transformers for the other oil switch are connected to 
the metering devices. It was mainly to make fool-proof 
this part of the equipment that two interlocked low-tension 
switches were provided, both insulated for 13,200-volt oper¬ 
ation, and one with adequate current-carrying capacity for full 
output at 2200 volts. 

General Comments. The type of steel work selected affords 
ample mechanical rigidity for stability of operation and trans¬ 
port, and at the same time sufficient flexibility to withstand 
injury from the rough handling incident to switching operations 
on steam railroads. 

No wood is used in the entire station, except for window 
sashes, and the outgoing low-tension terminal block. 

Special attention was given to the accessibility of all parts 
and ease of removal in case of accidental damage, as well as to 
the protection of all parts that might be liable to malicious in¬ 
jury while the station was out of service. In addition to safe¬ 
guarding the high-tension insulators for both transformers and 
switches, this includes such items as oil gages, thermometers, 
oil valves, blower intake, etc. 

The total weight of the installation, including car, is approxi¬ 
mately 13.5,000 lb., and the cost of such an installation, complete 
and ready to run, is approximately $21,000.00, or $7.00 per 
rated kv-a. 

To place the equipment in service, it is first shipped by rail 
to the most convenient switch or siding, where proper high- 
tension voltage connections are made on the transformer ter¬ 
minal board reached through a hand-hole in the cover. The 
derrick is then erected and the high-tension terminals are 
raised out of the cabs, placed in the transformers and connected 
to the terminal boards. Then the horn gap switches are raised 
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to position and connected to the operating rod, the delta in¬ 
sulators are hooked into place, connections are made between 
switches and transformer terminals, and the station is ready 
for connection to the lines. To provide additional room for 
operators, the racks which support the transformer terminals 
during transportation can be removed and placed at the back 
of each cab. 

It should be noted that the station is self-contained and all 
parts of the equipment are transported on the car when in transit. 

Figs. 5 to 8 show various stages in the process of putting the 
station into operation after its arrival on a siding at Kings 
Mountain, North Carolina, where it replaced a 3000-kv-a. 
substation undergoing reconstruction. Fig. 9 shows the en¬ 
trances to the cabs, and Figs. 10 and 11 show the station in actual 
service at Hickory, North Carolina, connected to the 44,000- 
volt circuits, and carrying a load of approximately 1000 kv-a. 

Operation 

Although the main transformers are nominally rated at 1000 
kv-a. each, test results show heat dissipation such that the, sta¬ 
tion may have an output of 4000 kv-a. without exceeding stand¬ 
ard temperature rise. On the same basis the permissible sta¬ 
tion capacity, without the blower, is easily 2000 kv-a. 

The station was first put into commission at Kings Mountain, 
N. C., and was run there from July 12 until July 26, 1914, con¬ 
nected to the 44,000-volt transmission system, stepping down 
to 2200 volts, carrying an average load of 2200 kw., consisting 
of cotton mills and the city municipal lighting and power re¬ 
quirements. At this particular point the permanent substa¬ 
tion had become outgrown and it became necessary to rewire 
and enlarge it. Instead of putting in temporary work, the port¬ 
able substation was located on an adjacent railway siding and 
tapped to the main transmission line on the primary sid€. The 
various feeders from the permanent station were connected 
to an outside bus which was in turn connected to the low-tension 
terminals of the portable substation, thus cutting out the main 
substation entirely. This work was all done with practically 
no interruption of service to the city or the manufacturing 
interests, and permitted the work of rebuilding the permanent 
station to be done economically and expeditiously. 

On the night of July 30th two of the three 44,000-volt trans- 
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formers permanently installed in the substation at Hickory, 
N. C., failed during a lightning storm. The portable substation 
was immediately forwarded to this point and picked up the 
entire load of the permanent substation at 3.30 a.m. August 4th, 
and remained in operation until August 27th, carrying an 
average load of 1000 kw., consisting not only of cotton mill 
requirements, but also of municipal light and power require¬ 
ments of the city. The permanent substation at this point is 
located about two miles'from the nearest railroad siding. A 
2300-volt circuit extended from the permanent station to the 
mill which was adjacent to this railroad siding. In order to 
pick up the total load of the permanenc substation the top of 
the 2300-volt line was rebuilt so as to accommodate three 44,000- 
volt conductors, and the 44,000-volt line was extended over 
this line to the railway siding. The portable substation was 
then connected to this 44,000-volt line, and the 2300-volt circuit 
was used to transmit current back to the permanent substation 
and from there distribute it over the regular lines; the 2300- 
volt line being of comparatively small size, it was necessary to 
operate at a somewhat increased voltage in order to compensate 
for the line drop, and in order to take care of che mill immediately 
adjacent to the portable station two bucking transformers 
were installed, by which means the voltage for this mill was cut 
to the proper value. 

On August 27, 1914, the substation supplying one of the mills 
in the vicinity of Winston-Salem was badly damaged by fire and 
the portable substation was immediately shipped to that point, 
and the service was restored at 3:30 p.m. on August 30th. The 
station remained in operation at chis point from August 30th 
until October 18th, carrying an average load of 300 kilowatts. 
During this run the blower was not used. The supply mains 
to the mill were 13,200 volts primary and 2200 volts secondary. 
The portable substation was used in transforming these voltages. 

When the station was taken out of service at Winston it was 
returned to Charlotte and a thorough examination was made 
not only of the apparatus of the station but also the car as well, 
and no defects of any nature were discovered. 

No difficulties of operation were experienced, and, as a matter of 
fact, the operation was as reliable and satisfactory as that of the 
permanent stations would have been. 

The station, in addition to the distance from Pittsburgh to 
Kings Mountain, has been shipped over about 275 miles of rail- 
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road in this territory, and no defects b£ any nature have become 
apparent. 

The housing of the apparatus is of such nature as to make it 
unnecessary to provide any cover either when in or when out of 
service. A permanent place of storage has been provided for 
this station in the railroad yards at Charlotte. It is not neces¬ 
sary, however, that the station be stored where constant watch¬ 
fulness can be exercised,* as it is so well housed that it is prac¬ 
tically impossible for anyone, so inclined, to meddle with it. 

Notwithstanding the conflicting requirements of such a sta¬ 
tion, and the varied functions it is called upon to perform, the 
test of experience has demonstrated the adequacy of design, and 
3 delded an operation eminently satisfactory. 
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Discussion on ** A 100,000-Volt Portable Substation 

(Burkholder and Stahl), New York, February 17,1915. 

K, C. Randall: Is there any provision for lightning protec¬ 
tion? 

Julian C. Smith: It . is certainly a rather interesting develop¬ 
ment to think that the transmission system has provided t.lii.Q 
equipment for taking care of wrecks. 

Why did the authors use three single-phase transformers? 
It would seem that for the purpose a three-phase transformer 
would be smaller and lighter, and all the pturposes served by 
these transformers could have been accomplished by the three- 
phase transformer. It would have taken less space and could 
have been set down through the car, and possibly an oil smtch 
might have been set on top of it. 

L. W. Chubb: I ask the authors if there would have been 
any advantage in a higher enclosing wall so as to get a more 
direct draft along the corrugations. 

Nicholas Stahl: The answer to Mr.Randall’s query about 
the use of lightning arresters is a double one. In the first 
place, it was the purpose of Mr. Burkholder, as general 
naanager of the Southern Power Company, to secure light¬ 
ning protection from those substations in the vicinity of 
which the car would be located. The second part of the answer 
is fotmd in saying that the len^h of the car was already con¬ 
siderably stretched for the weights it had to carry, and we 
were confronted with the difficulty of installing some form of 
arrester without oil; if we adopted the electrolytic type we 
were faced with the danger of slopping and spilling the oil, 
particularly so in heavy switching service, or transporting over 
the lines of the railroad. 

Mr. Smith’s question about the three single-ph^e or one 
three-phase transformer also received consideration, but it has 
been the practise of the Southern Power Company to make 
their installations with the single-phase type. And if they 
have any three-phase transformers on their lines at present I 
am not familiar with these installations. That is partly de¬ 
batable ground with engineers the country over. But the 
question was raised and decided by the Southern Power Com¬ 
pany. 

As to the suggestion of locating the oil switch on top of the 
transformer—^that would have been negatived in the South¬ 
land. We had to send the car over seven hundred miles of 
circuitous route, nearly double the usual distance, in order to 
get proper clearances.^ There are no ttmnels which there im¬ 
pose such severe conditions, so that the'statement with respect 
to the freedom of transit over these lines obtains.' 

Another reason is that the three-phase transformer would 
have involved us in difficulty unless we adopted oil switches 
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with the transformer. There would have been no P^ce con¬ 
venient for locating the horn-gap switches. 
switches we would have been liable to the same t-ouble of slop- 


^ In reply to Mr. Chubb, the initial proposition involved 
bringing up an outer partition wall substantially to the top of 
the transformer casing, and sending^ through that, by means of 
the subway, the air which is now liberated substantially nom 
direct confinement at a height of 15 inches approximate y , 
above the car floor. Tests were made both with the anemom¬ 
eter and otherwise which showed that the air does hug the 
corrugations. So the outer partition wall was omitted for two 
reasons. First, it economized material and made a largei 
area-way for the trainmen to pass between the struts on the 
one side and the transformer case on the other. And it al¬ 
lowed a greater output for the station when ^ the blower was 
not in service, on account of the greater radiation effect ob¬ 
tainable. 

The squirrel-cage induction motor is fed from a low-voltage 
circuit in the main transformer and anything which occurred 
to disable it would put the transformers out of service also. 
It might happen that the blower or motor would be disabled, 
and in such case we would get through the self-cooling action 
of the tanks alone 50 per cent capacity of the station provided 
with the blower. 

I might say again with reference to Mr. Smith’s question 
about the three-phase transformer, that one of the points in 
mind was the ability to operate with 58 per cent of the capacit}" 
of the total in case one transformer was out of operation. 
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SYMPOSIUM ON “THE STATUS OF THE ENGINEER” 


ADDRESS OF L. B. STILLWELL 


JN arranging the program for this evening the com¬ 
mittee to whose efforts the presence of our distinguished 
guests IS due gave consideration to the question whether it 
woidd be wise to attempt to suggest to the several speakers 
various more or less definite aspects or phases of our broad 
subject, with a view to avoiding repetition of thought and se¬ 
curing a comprehensive and systematic discussion. It was 
felt, however, that the most useful and constructive results 
might be expected if the gentlemen who are to follow me were 
simply mvited to present for your attention those views and 
suggestions based not only upon their exceptional expenence 
as leaders in various departments of engineering accomplish¬ 
ment, but also upon their wide observation and experience as 
men of the world which to them, severally, may appear of 
speaal interest and importance to the profession. If repeti¬ 
tion results, emphasis will result, and the status of the engineer, 
as a professional man and as a citizen, can be systematically 
advanced only by that individual and that collective effort 
which It may be hoped will result from that conviction which 
follows the emphatic statement and reiteration of essential facts. 

At the outstart, the expression “ Status of the Engineer” 
appears to require definition. It may be interpreted to mean the 
s anding of the engineer as it appears to his fellow citizens, or 
It may mean his standing as it would appear to an observer 
seeing facts as they are, without exaggeration, without dim¬ 
inution and without distortion. It is the well-known distinc- 
tion between reputation and character. Reputation is the image 
of the man as he appears to those about him; character is the 
man himself. Not infrequently does it happen that the image 
beais little resemblance to the actual man. When this occurs 
the fault is sometimes that of the observer, but not le.ss fre- 
quently perhaps, it is the fault of the man himself. 

onight, I take it, we are concerned with both aspects of 
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STATUS OF THE ENGINEER 

our subject. 'W'lis.t we vciSLy be &ble to do to ms^lce ourselves 
rnore competerit as engineers, more useful citizens, or better 
as men, is obviously of importance' to every member of the 
engineering profession. What we may be able to do, by in¬ 
dividual and by collective effort, to secure for the members 
of our profession that recognition by the public at large to which 
their character as men, their professional ability and their work 
as contributors to civilization and progress may justly entitle 
them, is also of obvious importance. Eacb of these broad as¬ 
pects of the subject affords inviting opportunity for analysis 
and for useful suggestion along various lines of thought; but in 
introducing the discussion I shall make no attempt to treat the 
subject comprehensively, but .shall endeavor to utilize the time 
which has been placed at my disposal by inviting your atten¬ 
tion to certain opinions which I have formed, as the result of 
observation and experience, and submitting certain sugges¬ 
tions in regard especially to*collective, or at least co-ordinated, 
policy and action by our great national engineering societies 
which in my judgment would tend from every point of view to 
improve the status of the engineer. 

The opinion is widely prevalent throughout the ranks of the 
profession that the true status of the engineer is not recognized 
by those about him; that the work which he has done and is 
doing in the world entitles him to a larger place in the public 
view than he now occupies and to a larger share in the admin¬ 
istrative work of the nation, state, local community, and of 
our great railway and industrial corporations than he now en¬ 
joys. Dealing with facts, as his scientific education and pro¬ 
fessional training have taught him to deal; trained in the solu¬ 
tion of economic problems to exclude all that is irrelevant or 
immaterial and to deduce his conclusion by a process of exact 
reasoning from ascertained ’premises, he is amazed to observe 
a great economic question like, for example, the conservation 
of our water powers, involved in a fog of misunderstanding and 
misrepresentation so dense that neither the public nor our law¬ 
making authorities can be expected to see it in its true propor¬ 
tions. Knowing, as he does, that no education leads with 
greater certainty than that of the scientist and the engineer 
to .the formation of sound opinions and well-grounded, conserva¬ 
tive judgment, and believing, as he does, that the ranks of no 
other profession include a larger proportion of men of clear 
yiew, broad intellectual comprehension, unbleiriisbed character 
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and executive force than are found among the members, of our 
national engineering societies, he finds it difficult to understand 
why the appointment of an engineer as a member of one of the 
many commissions of investigation and of administration, to 
which in these days the functions of government in this country 
are increasingly confided, is a phenomenon of extremely rare oc¬ 
currence, His conclusion generally is that these are matters 
for the politician, not for the man trained to view facts in their 
true light, unwilling to misrepresent or mislead the public for 
political effect or to seek preferment by following the usual 
well-worn paths; and too often he follows up this conclusion by 
burying himself in his scientific studies or professional activities. 
Such a decision can be in no way justified. As a citizen trained 
to see true, to think straight, possessed of special knowledge 
regarding many of the great economic problems of our time and 
conscious of ability to deal with them effectively, it is the duty 
, of the engineer to assert himself as a citizen. Recognition in 
time will overtake and keep pace with achievement if we do 
our part, not only as men of specialized training, but , also as 
men of the world and as citizens who, by reason of that very 
specialized training and experience, owe in a peculiar sense a 
duty to the community, in these days of vast and complex 
economic and social problems, which in themselves are a result 
of the work of the applied scientist within comparatively recent 
years. The engineer who buries himself in the technique of 
his profession cannot justly complain if he fails to attain a 
position as a leader of men. Like Franklin, he must at times 
leave the laboratory of science for the forum of discussion and 
the hall of legislation, if he would fulfill his duty as a citizen 
and secure that recognition of his intrinsic ability which he 
desires and to which he is entitled. 

In his scholarly address delivered at Ottawa on June 18,1913, 
Dr. George F. Swain, president of the American Society of 
Civil Engineers, brought to the attention of the oldest of our 
national engineering societies many facts which are of profound 
interest to all professional engineers. His discussion is philo¬ 
sophical in thought, felicitous in expression and singularly con¬ 
vincing in its reasoning. It should be read and then read again 
by every man who is, or aspires to be, an engineer. His subject 
was; Some Tendencies and Problems of the Present Day 
and the Relation of the Engineer Thereto,” Neither the present 
status of the engineer nor the responsibilities which in a pe- 
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culiar sense devolve upon him in these days of vastly acceler¬ 
ated economic progress can be realized clearly without an ex¬ 
amination of these tendencies and problems. It would be 
difScult, if not impossible, for any man to improve the admirable 
discussion of the subject which Dr. Swain has given to the 
profession in the paper referred to, and I earnestly hope that 
every engineer present this evening will secure a copy, will 
read it carefully and thoughtfully, and then will do what he can 
to oppose and correct the unfavorable phenomena of our time 
to which Dr. Swain calls our attention. The time at my dis¬ 
posal does not permit even a resume of these phenomena, and 
I pass, therefore, to the question, How may the status of the 
engineer be improved?’^ However we may differ in our views 
of what his present status is, we are unanimous in the desire to 
see that status advanced. The practical question which inter¬ 
ests us is, what can we do to secure this advancement; what can 
we do, by individual and by collective effort, to make the engi¬ 
neer still more effective in his professional work and more use¬ 
ful as a citizen, and to secure for him more general and more 
definite recognition by the community at large? 

Obviously, there are several lines along which intelligent and 
systematic work may be expected to promote the attainment 
of these objects. While recognition may lag behind achieve¬ 
ment, we may nevertheless rest assured that every advance in 
the character of the engineer and in his ability to perform his 
work effectively will be followed by increased recognition of 
his position as a man and as a professional worker in the com¬ 
munity. In this connection, next to integrity of character, 
education is of fundamental importance. In our schools and 
colleges the aim should be to train the mind rather than to im- 
part technical information. The curricula of our technical 
schools differ so widely that safe generalization is difficult, but 
in my opinion the tendency should be toward a decrease in the 
time allotted to technology and an increase in that allotted to 
certain of those subjects which comprehensively are grouped 
under the name humanities.’’ It is greatly to be hoped that 
the time may come when no American institution of learning 
will confer an engineering degree except upon a student who has 
completed a four-year course in arts or philosophy and a two- 
year course of technical instruction in the department which 
he may select. It is not essential perhaps that the engineer 
should have studied Greek, but in my opinion no degree in 
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engineering should be granted to a man who has not studied, 
for example, logic, rhetoric and political economy, as well as 
mathematics and the essential branches of pure and applied 

science which in his education have particular reference to his 
specialty. 

Moreover, a man’s education is not completed when he re¬ 
ceives his degree at graduation. It would be as true, perhaps, 
to say that it begins at that time; and, without attempting to 
discuss the subject at length, I may be permitted to suggest 
that the average engineer, ten years or twenty years or thirty 
years after graduation, will be not only more interesting to him¬ 
self and to his friends, but will be also a more effective engineer, 
if he has not confined his attention exclusively to his special ’ 
line of practise but has availed himself of the many opportuni¬ 
ties which occur in life to broaden his horizon and to add to his 
store of knowledge in departments of intellectual activity other 
than that which he has made peculiarly his own. 

Primarily each engineer must make of himself what his 
ability and opportunities may permit. This, and this alone, 
can fix his professional character—his true status. But, while 
character is far more important than reputation, reputation also 
hats its value, and a correct appraisal of the engineer by the 
community at large is to be desired, not only because of its ef¬ 
fect upon the engineer himself, but also, and more especially, 
because of the vastly increased utilization of the engineer’s 
abilities in the service of the community which would result. 

It requires no argument to show that the community at 
large cannot be expected to appraise correctly the capabilities 
of the engineer if the latter adopts and systematically pursues 
throughout his career a policy of total abstinence from every 
form of indulgence in public affairs. I have already touched 
upon this point briefly, and I trust that it will be developed 
and emphasized by other speakers this evening, some of whom, 
by example as well as b}^ precept, have illustrated and taught 
this doctrine in a manner which already has done much to dem¬ 
onstrate to the American public the fact that the same kind 
o^rains which the investor selects to solve a complex problem 
of engineering construction, or to find gold where others cannot 
see it, can be relied upon to find the answer to a complex eco¬ 
nomic problem requiring legislation, or to point out an essen¬ 
tial principle which has been concealed by a mass of irrelevant 
rubbish. ' . * ' ' 
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Our national engineering societies can do much to secure for 
the engineering profession the recognition to which the character 
and the achievements of its members justly entitle it. For 
years they have been doing splendid work in the post-graduate 
education and training of their members, by affording oppor¬ 
tunity for the presentation, discussion and dissemination of 
technical information, but as yet have they failed to- establish 
for the profession a standing in public estimation comparable, 
for example, to that of the legal profession. 

Let us consider briefly certain measures, apparently within 
the power of our engineering societies to adopt and enforce, 
which if adopted would tend to correct this situation. 

Our engineering societies can do much by the exercise of un¬ 
ceasing vigilance in preventing the admission to our ranks of 
unworthy or unqualified applicants. In the absence of any 
system of federal or state license under which the professional 
engineer may qualify and practise, even that part of the public 
which ma}^ attempt to exercise intelligent discrimination can base 
its opinion of the qualification or lack of qualification of the 
engineer only upon the fact of membership or non-membership 
in one or more of the great national engineering societies. And 
what have these national engineering societies done to define and 
establish the professional standing of their respective members? 
Without undertaking to answer this question specifically, it is 
probably fair to say that, as regards at least two of these socie¬ 
ties, the requirements for admission and the scrutiny and selec¬ 
tion of new members are all that can be expected and poSvSibly 
that could be desired. Some of the societies, however, apparently 
might stiffen ” their requirements for admission, to the ad¬ 
vantage of the entire profession, and might draw more distinctly 
perhaps the lines which segregate the members into several 
classes or grades which are supposed to correspond with more or 
less accuracy to the comparative professional qualifications of 
those who compose them. Nevertheless, it is a fact, I believe, 
that membership in a national engineering society today means 
more than it did twenty years ago and that the state, munici¬ 
pality, corporation or individual seeking to employ an engineer 
is less likely now than then to select one who has not been recog¬ 
nized by his professional brethren as worthy of membership. 
But, aside from the advantage which would result from bringing 
the requirements for membership in all of these societies up to 
the level of those which have adopted the most advanced stand- 
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ards, there are several important steps which the national socie¬ 
ties might take which undoubtedly would contribute materially 
to the advancement of the status of the profession. 

(1) Several of our national societies have adopted so-called 

codes of ethics or rules of practise. Many of these rules 
involve no questions of ethics. They are rules deemed by the 
respective societies useful to their members in their professional 
practise, and their enforcement or non-enforcement has no par¬ 
ticular bearing upon the status of the engineering profession as 
viewed by the public. 

In so far as ethical principles are involved, however, whether 
a code be adopted or not, there can be no question that the adop¬ 
tion and enforcement of rules which would result in the prompt 
expulsion of any member proved guilty of dishonest practise 
would do much to increase general respect for the profession. 
Up to the present time our societies have signally failed to es¬ 
tablish their position in public confidence by disciplining mem¬ 
bers even in flagrant cases. At a comparatively recent meeting 
of the American Institute of Consulting Engineers, a distin¬ 
guished member of that organization and of the American 
Society of Civil Engineers made the statement that an examina¬ 
tion of the records of three of the great national engineering 
societies failed to disclose a single instance in which a member 
had been expelled for violation of the ethics of the profession. 
Even in certain cases where a member of the society has been 
convicted by the courts, the society has failed to expel and has 
allowed the member to resign. I am aware of the-responsibility 
which a society may assume in branding a member by expelling 
him, but until the societies have the wisdom to so amend their 
rules as to provide for expulsion in flagrant cases and the courage 
to expel, they cannot expect the public to accept the fact of mem¬ 
bership as in any sense a guarantee of professional honor. 
Surely the establishment and enforcement of regulations which 
would result in the prompt expulsion of a dishonest member is 
a step which each of our engineering societies can take. To the 
great credit of the profession, it may safely be said that the num¬ 
ber of instances in which such action might be justified and neces¬ 
sary would not be great. The effect of a few salutary punish¬ 
ments of this kind would be far reaching and might be confidently 
expected to improve the standing of the society in the eyes of 
the public. Our friends the lawyers have long recognized the 
necessity of fortifying the status of their profession by providing, 
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through the medium of their bar associations, for the trial and 
expulsion of members who may violate the ethics of their pro¬ 
fession. How strictly this rule is enforced I cannot say, but 
it is evident that even the occasional enforcement of the rule 
must contribute effectively to the establishment of the public 
standing of the profession. 

In my opinion, no society by a single act could do more to 
advance the status of the engineering profession than could be 
accomplished by conspicuously expelling any member found 
guilty of dishonesty in the practise of his profession. 

(2) Perhaps the most encouraging evidence that our national 
engineering societies are coming to recognize the fact that co¬ 
operation in matters of common interest is essential to the well¬ 
being of the profession, is to be found in the action recently 
taken by six of these societies, through the appointment of a 
joint committee which has agreed upon a bill for licensing en¬ 
gineers which has been submitted to the governing bodies of the 
several societies. It is earnestly to be hoped that the governing 
bodies of these societies will lose no time in bringing their best 
judgnient to bear upon this extremely important question and, 
having reached a decision, will take effective action to safe¬ 
guard and promote the best interests of the profession. 

(3) The national engineering societies can advance the status 
of the profession by exerting themselves to direct public polic}^ 
in economic questions along sound lines of development. I 
have not informed myself recently in regard to the policy and 
action of other societies, but for several years past the American 
Institute of Electrical Engineers, from time to time, has sent 
committees of specially qualified experts appointed from its 
membership to appear before various heads of departments at 
Washington, or before committees of Congress, in relation to 
such questions of fundamental economic importance to the coun¬ 
try as, for example, the utilization of water powers on the public 
domain and in navigable streams. These committees have dis¬ 
cussed only the engineering and economic aspects of the ques¬ 
tions under consideration. They have been careful to avoid 
all political or legal questions. Their reception in every instance 
thus far has been not only respectful but courteous, and it is 
believed that the information which they have been able to 
convey has been useful to the authorities. The members of the 
several committees have paid their own expenses. They have 
rendered this service because they have realized that legislation 
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permitting, for example, the control and 'development of water 
powers upon sound economic lines is of very great importance, 
not only to thovse members of the engineering profession whose 
activities are concerned with hydraulic or hydroelectric de¬ 
velopment, but to the country, at large. Along such lines as 
these, there is no valid reason, in my opinion, why all of our 
great national engineering societies should not co-operate in 
placing at the disposal of our national legislative and executive 
authorities, from time to time, the special knowledge which is 
possessed by their representative members and which the author¬ 
ities must have if mistakes that may result in great harm to the 
economic interests of the country are to be avoided. 


ADDRESS OF E, W. RICE, JR. 


"PHE SUBJECT for discussion this evening is important and 
^ timely, and should be of vital interest to every engineer. 

It is well for us to pause a few moments from our daily task 
and make a brief survey of the engineer’s work, to consider its 
important influence upon the life of this busy world, and es¬ 
pecially to enquire what new service awaits the engineer now 
and in the immediate future. 

During this discussion we do not propose to limit our defi¬ 
nition of “engineer” to one educated in or following the 
strictly technical profession of civil, mechanical and electrical 
engineering, but shall include in addition all educated men 
laboring in the broad fields of chemistry, physics, medicine and 
other, organized s'cientific activities. 

I do not think that we can be accused of serious exaggeration 
in saying that the world is indebted to such men for the applica¬ 
tion of steam to ships, cars and workshops; for the invention 
of the sewing machine, the typewriter and the phonograph; 
for the introduction of the bicycle, automobile and -aeroplane; 
they have brought the marvels of photography into existence, 
giving us the moving picture. X-rays and colored photographs. 
High explosives have been created to build and to destroy. 
We must thank such men for the untold blessings of anesthetics; 
for showing us how to successfully limit and combat epidemics 
of dread diseases. 

Coming to our own special field, the members of our profession 
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have given the world the telegraph, the ocean cable, the tele¬ 
phone and the wireless; created electric lights for our homes, 
. cities and workshops; the electric motor to run our trolley cars, 
railroads and factories; have designed dynamos and great 
transmission lines with which to save and make useful the 
otherwise wasted power of our waterfalls. These and many 
other contributions equally wonderful and equally useful— 
miracles at first but now mere commonplaces and necessities— 
have been evolved from the brains of our busy scientific engineers 
largely during the past 40 years. 

But I will not weary you with a further recital of engineer¬ 
ing achievements, as such a recitation of even the shortest 
possible catalog would consume the entire evening. 

My object in thus calling attention to the relatively recent 
contributions of engineers to the wealth and resources of the 
world is not to tickle your pride in belonging to the engineer¬ 
ing profession, but rather to awaken your sense of responsi¬ 
bility for the great changes in our daily life, our methods and 
opportunities of conducting business and all other activities, 
which have been brought about directly and indirectly by .such 
accomplishments, and to make some suggestion for the meet¬ 
ing of this responsibility. 

Is it not a fact that civilization in its present form would 
never have arisen and would speedily come to an end if deprived 
of the engineer and his services? Has not the equilibrium of 
the world been upset by these very gifts of the engineer? 

Is it not evident that such tremendous additions to our 
power, knowledge and wealth must have a powerful influence 
upon every phase of our existence? Have not our relations 
with nature and with each other been profoundly affected, and 
as a result required many new adjustments? 

The discovery of new trade routes has, as is well known, com¬ 
pletely changed in times past the history of nations and the 
fate of their peoples. The discoveries of our scientific engi¬ 
neers during the past 40 years have been of greater importance 
than discoveries in trade routes, and it is inevitable that in 
adapting itself to the new conditions society should be deeply 
affected. The adaptation of man to his new environment could 
not take place without strain and friction. Are we not now in 
the midst of such a process of adjustment? 

Of course, we all appreciate that the labor and thought of 
many other men of vision and enthusiasm were needed; men 
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experienced in finance, commerce, trade and government, to 
render the all-essential aid required to introduce and to adapt 
to our daily lives these great contributions. But it would seem 
to be self-eAudent that without the creative work of the scien¬ 
tific and technical engineers these things would not have seen 
the light of day. 

This remarkable development was fairly started during the 
first half of the 19th century under the guidance of the civil, 
mechanical and chemical engineer, but was tremendously - ac¬ 
celerated by the advent of the electrical engineer about 40 years 
ago. His work during the past decades has reacted upon that 
of the other engineering professions and stimulated- and made 
possible the almost equally marvelous development in mechani¬ 
cal, chemical and other lines of activity. Therefore, I regard 
all those who have been able to participate in the service of 
electrical science as happy and fortunate individuals. It is 
true that financial reward has not always been great; on the 
contrary, it has often been extremely meager when compared 
with the rewards which frequently come to the successful 
lawyer, financier or merchant, but our engineer has been re¬ 
warded by something more valuable and precious than gold— 
the thrilling joy of achievement. There can. be no greater 
satisfaction than that which comes to a man who believes that 
he is the first to discover some new force or to make some new 
and useful invention. 

I have lived with and worked alongside of engineers more 
than 30 years. I think I understand the engineer’s aspira¬ 
tions and character. I can say that it is a case where famili¬ 
arity has not bred contempt, but, on the contrary, has inspired 
respect and affection. 

The engineer is popularly supposed to lack certain qualities 
needed in a, successful man of business, or to make a good 
salesman, or to handle important financial matters, or to fill 
positions requiring general executive ability. Is this popular 
idea justified? We may admit that an engineer who has de¬ 
voted his entire time to his exacting work may be lacking in 
the knowledge and experience of other lines of activity, but it 
does not prevent him from having certain natural qualities, 
integrity, tact and aggressiveness combined with general in¬ 
telligence and common sense. These qualities are personal and 
not professional. No group of men has a monopoly of such 
qualities and in none are they entirely lacking. These qualities 



304 STATUS OF THE ENGINEER [Feb. 17 

are to be found as generally among engineers as among other 
men. 

It has been further charged that as an engineer deals with 
nature and natural laws his experience has been limited to im¬ 
personal objects, and that he must fail to appreciate or under¬ 
stand the complicated human element which is the important 
factor in business or in political life. This may be also partially 
true, particularly in the case of some of those whose work has 
been confined to that of pure research or pure science, but is 
not a general condition even among such men, and by no means 
the condition among engineers who of necessity are brought 
more or less in contact with the human element. 

I have noticed that an engineering education and training 
have generally developed a man’s powers of observation and 
his desire and ability to learn. He becomes skeptical of mere 
theories, doubts tradition and spurns superstition, but he con¬ 
stantly searches for the truth and is not afraid of facts. He 
habitually tries to see things as they are and not as he thinks 
they should be. He is never satisfied that whatever is is 
right,” but is ever trying for something better. I do not need 
to tell this audience that engineers do not always agree as to 
the interpretation of facts, but opinion is frankly based upon 
facts and not upon preconceived notions. One who refuses 
to face or acknowledge facts loses his influence upon his fellows 
and his standing among his brother engineers. The engineer 
is always ” from Missouri,” 

There is an old proverb which runs somewhat as follows: 
'' One look is worth a thousand words.” I like that proverb, 
and it is, I think, a fair description of an engineer’s point of 
view. How often you hear the expression among engineers— 

Well, let’s go and take a look at it.” Is not this the spirit 
which is needed in respect to other problems in the social, in¬ 
dustrial and, political world? Do they not need less talking 
about and more intelligent looking at? 

It is true that the engineer deals primarily with nature, but 
nature does not lie. The engineer, therefore, learns early in 
life the utter uselessness and folly of deceit. He knows that it 
would be silly to the point of insanity to try to fool nature. He 
is constantly on his guard not to fool himself and is therefore 
not likely to try to fool others. In fact, he loses in time the 
desire to deceive, even if he ever had it. Honesty becomes a 
habit, not the honesty of the old-line trader formulated in the 
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saying, Let the buyer beware,” but the kind of honesty which 
scorns to take advantage of the negligence or ignorance of his 
customer, which involves honest thinking as well as honest 
action. It is quite possible that this habit may make him at 
first the easy prey of dishonest men, but it is a quality which 
commands respect and which wins in the end. It is needed 
and appreciated in business of all kinds and sizes, little and 
big. It is helpful to little business. But big business is doomed 
to big and disastrous failure unless saturated with honesty. 

The engineer’s training also tends to produce in him a fine 
blend of conservatism and radicalism. He is not afraid of a 
thing because it is new and he is not slavishly bound to prece¬ 
dent ; on the contrary, he is frequently the creator 6f new things ' 
and. a breaker of precedent, but he also believes in continuity 
and is not likely to let go of the old until he has a good hold of 
the new. He does not adopt an idea merely because of its 
novelty, but demands before adoption, the acid test that it should 
be really better than the old. 

There is, therefore, a large field of service open to the engi¬ 
neer in manufacturing, commerce, faimting and all other busi¬ 
ness activities of our countrv for which his education and train- 
ing have made him eminently fit. In fact, his work in science 
and engineering, already briefly alluded to, has succeeded in 
so increasing the magnitude, variety and intricacy of manu¬ 
facture and trade that the special knowledge of the trained 
engineer is already in demand in almost all departments of 
our commercial and business life. Even in the specialized field 
of selling, the old type of salesman with precious little technical 
know’ledge has been largely displaced by the engineer salCvSman. 

There is, however, another opportunity for service awaiting 
the engineer of a most valuable and patriotic character. The 
biggest business, after all, is that of running this great country 
of ours. The United States not only operates the largest busi¬ 
nesses itself in its various departmental activities, but through 
its legislators and various commissions it has taken a lively 
and paternal interest in private business. It makes the rules 
for the conduct of our business which fundamentally affect our 
future for good or for evil. It seems to me that the engineer 
ought to take an important part not only in conducting this 
great enterprise but in helping to make the rules for our faith 
and conduct. 

I recently heard a member of Congress say that in looking in 
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CongreSvS one was merely seeing as if reflected in a niirroi the 
great people who elected it, and that if we, the people, did not 
like the looks of ourselves we should not get angry and break 
the mirror but go and wash our faces. Now, while that was 
a very humorous and witty simile it seemed also to conve}^ a 
homely truth and a sensible suggestion. I began to wonder 
how much there was in the suggestion, and thought I would 
ascertain just how accurate a reflection of our people and its 
activities was to be found in Congress and Legislature. I 
thought it would be interesting to learn the profession or voca- 
tion of those whom we have elected to represent us in Congress. 
I have here a list from which I will briefly abstract: 


1914. 


Senate of U. S, 

Number 

Lawyers. 71 

Farming.. . . ;. 5 

Banking. 4 

Publishing. 4 

Merchants, mfrs., railroads, 

real estate.. 7 

U. S. Navy. 1 

Medical profession. 1 

Not specified. 3 


House of Representatives 

Number 

Lawyers. 275 

Editors and publishers. 23 

Merchants & manufacturers. . 32 

Other business. 32 

Farming. 14 

Banking. 4 

Educational profession. 6 

Medical profession.. 5 

Architects. 3 

Engineers. 1 

Not specified... 40 


Total... 96 


Total.. 43 


It will be noted that 75 per cent of the senators are classified 
as lawyers, and 65 per cent in the House come under the same 
classification. I may say, incidentally, that I did not find a 
single one among the senators who professed to be an engineer, 
and only one in the House of Representatives. An examina¬ 
tion of the roster of the State of New York shows a similar 
condition, a large majority of the membership of both the 
Senate and Assembly being classified as lawyers. Now, I do 
not know how these facts impress you, but the witty simile of 
which I spoke rather lost its point as a conveyer of homely 
truth in the light of the facts. A body whose composition is 
about 70 per cent lawyers cannot be considered as a very accur¬ 
ate reflection of the people of this country. Now, I have the 
utmost respect for members of the legal profession. We are 
all constantly trusting lawyers with our most important business 
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matters and intimate private affairs. No profession has higher 
ideals and no profession comes nearer to realizing these ideals 
in practise. They deserve our confidence. I also yield to no 
one in my admiration of the ability, integrity and patriotism 
of the great men whose names have honored the legal profession 
and shed luster upon our country; men who frequently at great 
personal sacrifice have given the best part of their lives to the 
service of their country. 

However, I think it is competent for us to enquire as to 
whether there is not a disproportionate number of members of 
the legal profession in our law-making bodies. Is it for the best 
interests of this country to have any one kind of talent and 
training or point of view so overwhelmingly represented? There 
is a pretty general opinion in this country that we are afflicted 
with too large a number of laws, and it has been suggested that 
there may be a connection between the number of laws and 
the number of lawyers in our legislative bodies. Is it not also 
a strange anomaly that a country which owes so much of its 
phenomenal prosperity to the creative work of engineers should 
have practically excluded such men from its Congress and 
Legislatures? Would not our general condition have been better 
if years ago we could have injected into the composition of our 
law-making bodies a number of high-class, sensible engineers? 
It seems to me that our engineers have a duty to perform, 
that they owe it to themselves and to the country not to be 
satisfied with being simply hired to give their views and pro¬ 
fessional opinion upon programs prepared by other men, but 
should sit with our rulers and share directly in the responsi¬ 
bilities of government. 

It is reasonable to expect that men who have been the great¬ 
est factor in the creation and conservation of our material 
wealth and resources should have sound and constructive ideas 
of practical value upon the matters which our commissions 
are created to control. Therefore, our great commissions which 
are charged with such tremendous power and grave responsi¬ 
bilities should have among their members competent engineers 
of experience as well as lawyers, practical business men and 
experts in the special province over which the commission has 
jurisdiction. 

One of the most hopeful signs of the times is the great awak¬ 
ening of the business men of this country to the imperative 
necessity of taking an intelligent interest in our government, 
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and it looks as if our business men now propose to make a busi¬ 
ness of seeing to it that they are properly represented in the 
business of government. Engineers should arouse themselves 
and participate in this great movement. 

While up to the present no better or more practical means 
has been discovered than our great political organizations for 
giving effect to the wishes of our citizens, it is becoming increas¬ 
ingly evident to thinking men that no permanent advance can 
be made by simply turning out one political party and substi¬ 
tuting representatives of another as our rulers. An intelligent 
and continuous effort should be made to improve the composi¬ 
tion of our legislative bodies. We are essentially a nation of 
manufacturers, traders and farmers. We are all part of an 
organization with a mechanism which is so delicate, extensive 
and complicated that it must be controlled and managed with 
the greatest wisdom and intelligence if we wish to continue to 
progress in prosperity and lead happy and useful lives. It 
seems to me that in the future it will be the duty as well as the 
privilege of the engineer, who so largely contributed to the pro¬ 
duction of this complicated mechanism, to assist in its manage¬ 
ment in order to assure its preservation. 


ADDRESS OF E. M. HERR 

T his topic is now so wide that there is no difficulty in 
discussing it from one’s own particular point of view and 
in line wi Lh any individual interest and experience. The danger 
lies in dealing with so broad a subject from too limited and 
narrow a point of observation. It is doubtless from a full 
realization of this danger that those responsible for the program 
tonight have brought men together in this discussion from so 
many different positions and varied experiences in life. 

Having announced my apprehension regarding the narrow 
view of this broad question, I feel at perfect liberty to proceed 
to take such view, if only to make good my prediction. 

My experience for the past eighteen years has been with the 
engineer in manrffacturing business and the last ten years in 
a business so highly technical in its character and developing 
so rapidly, largely through the efforts of these very engineers, 
whose status we are here to discuss, that it was often a question 
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whether we were engaged in engineering our manufacturing or 
manufacturing our engineering. As fast as the factory learned 
how to make a machine or device of any kind, the engineers 
would bring out an improved design and the shop had to begin 
all over again and learn anew the lesson which had cost so much 
in time, effort and material. At such a time one sympathizes 
with the self-made railroad superintendent of my acquaint¬ 
ance in Chicago, who, after receiving notice from the chief 
engineer of the railroad that such and such changes must 
be made or limitations put upon speed of trains or weights 
of engines, would frequently-say: If we could gather up all 

the engineers and drop them in the middle of the lake, we could 
make some money for our stockholders.” And so he might have 
done for a time, but from this remark it is evident this superin¬ 
tendent was desirous of standing still as to progress and improve¬ 
ments. Here we have one answer to the question under dis¬ 
cussion, viz.: The engineer stands for progress and improve¬ 
ments. Progress and improvements! What a fine status for 
any profession. If the engineer always stands for genuine pro¬ 
gress and real improvements can much more be desired? Let 
me therefore counsel our young engineers to adopt this as their 
slogan, and always be sure, in their engineering reports and 
recommendations, that they stand for progress and improve¬ 
ments that are both genuine and real. 

The engineer is not restricted in his sphere to dealing with 
inanimate things, broad as is the field of improvement and de¬ 
velopment of the materials, processes and products of a business. 

It was an engineer who first developed the principles of scien¬ 
tific management, and the men who have brought the greatest 
contributions to the wonderful advance in the handling of work¬ 
men, resulting in materially increasing their efficiency without 
adding to but often lessening the drudgery of their work, have 
all been engineers. 

Engineering, originally the art of managing engines, was later 
defined as The art and science by which the mechanical 
properties of matter are made useful to man in structures and 
machines.” This definition is now far too restrictive and must 
hereafter include men as well as materials; animate as well as 
inanimate matter. 

In the management of men, the engineer, as usually trained, 
has his severest test. Many engineers, remarkable for their 
judgment, skill and intelligence, fail dismally in handling men. 
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The very nature of the training of the engineer tends to unfit 
him in directing and controlling the rank and file of the \\a:)rkinen. 
The exact and uncoxnproniising methods so neccvSsary in enghieer- 
ing training cannot be applied in dealing with men. loiirni^ss 
and justice are the cardinal princi]:)les to be used always, but in 
addition, in dealing with people one must know how to bring 
the human e]>ement into all such relations. When this is iiroperly 
done, the workman is inspired, stimulated and led into obedience 
and loyalty to which no severity or rigid rules could drive hiin. 

It might be thought that training and directing workmeti is 
not part of an engineer’s work. Formerly tins was true, but 
with the rapid growth in the teclmical requirements of many 
Ivinds of manufacturing, and the develo])mcnt ot improvixl 
methods of management of sho|:) work, tlie latter devised and 
developed by engineers on engineering principles, tlie old rule 
of thumb methods of shop management are fast becoming ob¬ 
solete and either tlie old men must learn the new methotls 
our young men with engineering training must learn how to 

handle men skilfully and fairly. , 

Another field rapidly opening to trained engineers is the com¬ 
mercial one. The product of many of our factories is so tccln 
nical, from an engineering standpoint, that only an engineer 
trained in that S]:)ecialty can properly present it to |.,)rospecti¥e 
customers. 

It is, therefore, seen that not only does engineering include, 
besides the designing and constructing field, tlic managiulal 
and executive work whixli also demands this trained intelligence 
but even the salesman, who is popularly supposed to be born 
not made, is leaning heavily upon the engineering professiom 
This can only point to one conclusion: In the manufacturing 
business, the engineer, formerly useful for designs and specifi¬ 
cations, is becoming necessary in practically all branches. 

The daily increase in the complexity of our civilization inevi¬ 
tably increases our industrial development, and as we have 
seen, consequently extends and broadens the field of engineering 
work. Can we wonder then at the enormous increase i 
attendance at schools of enih^^^^riTig and the rapid, strides 
by our engineering departments in the university as comp^ 
with those of the academic departments? 

It is naturally rather stimulating to our pride as engineers 
to contemplate the rapidly widening field which the profession 
is occupying,, but ,we must not forget that with this broader 


I 
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comes greater responsibility and the necessity for more careful 
and thorough training than in the older times of simpler con¬ 
ditions. 

But, it will be said, while our activities and responsibilities 
are greater, so also are our resources; and does not the multitude 
of improved processes, labor-saving devices and space and time 
savers, such as the many kinds of rapid transit, the telephone, 
telegraph, etc., more than make up for the difference? 

In some parts of engineering doubtless this is true, but in what 
I will call the newest branch, viz., the engineering which deals 
largely with men and not with machines, the managerial and 
executive work to which the profession is being called with 
rapidly increasing urgency, but little help is found in new in¬ 
ventions. In this new field (if such it can be called) the ability 
to analyze accurately and draw correct conclusions from clearly 
perceived premises, so essential in general engineering, is just as 
important. 

The difficulty which most engineers find comes from the 
analysis of cause and effect in the management of and dealing 
with men and women instead of machines or structures. The 
former is more difficult as a problem and was formerly only 
solved by those thought to be specially gifted in their ability 
to handle men. Like many other so-called ‘‘ gifts,” this one 
can be learned, not by inflexibility and severity, nor, on the other 
hand, by weakness and vacillation, but by even-handed justice 
tempered with humanity. 

No fair man wants more than justice and I maintain that very 
nearly all men are fair or want to be. The difficulty comes in 
knowing how to deal justly and humanely in every case, and in 
the pressure and urgency under which business must now be 
done. He is both patient and wise to a remarkable degree, 
who can attain unto it. 

Is not, however, the man with an engineering training far 
better equipped for weighing correctly the elements which must 
enter into such a decision? He is, with but one exception. 
This exception is his training and tendency to analyze mathe¬ 
matically. The very training in mathematical analysis, so 
largely a part of an engineer’s education, to a considerable extent 
unfits him for a correct weighing of what I have called the 

human element.” 

As an illustration, there is a great difference in the effect 
upon an employee of the way an order or decision is given. You 
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all have probably at some time dealt with those in authority, 
from whom you would rather receive a refusal than an acquies¬ 
cence from another. An adverse decision would be received from 
the former superior and carried out with a feeling of loyalty and 
willingness, but with an unavoidable feeling of grudging obedi¬ 
ence and almost revolt from the latter. The different effect 
upon the employee was caused by the employer’s knowledge of 
and due regard for one phase of the human element in dealing 
with the employee. 

Many other conditions, largely personal in their character, 
must also be considered and given due weight in an analysis 
embracing the actions of men and women. 

This is the element to which I wish especially to direct the 
attention of the young men of the profession. That it can be 
learned, I know from my own experience, which also has taught 
me its value. 

Keep steadily in mind the Golden Rule—Do to others as you 
would have others do to you—and your judgment, with this in 
mind, while not susceptible of mathematical proof, will not 
fail of at least some part of the human element and ring true 
to the requirements. 

Do not misunderstand me to advocate a departure from en¬ 
gineering principles in this matter of dealing with men. On 
the contrary, they must be dealt with logically and correctly, 
and a proper application of the principles of good engineering 
can bring only this result. No correct result can be obtained 
in any engineering or other problem if any of the elements are 
left out in its analysis. The human element is a factor and 
must be included or your result is not true. Therefore, I repeat 
that the engineer is needed in the shop and other places where 
men, and women too, must be managed and controlled. In 
this work his status is broadened and his influence greatly in¬ 
creased, but more important still, the engineer himself is made a 
« 

more liberal, broader, better and more useful member of society. 

Such an engineer will have a broad perspective, because he is 
accustomed to observe tendencies in both men and affairs and 
to draw correct conclusions from them. He can lay plans 
far ahead and, seeing clearly the ultimate result, is able to take 
full advantage of the tendencies in both his own field and that 
of allied lines of engineering, not only foreseeing demands but 
so shaping his activities as to create them. 
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T FIND that I am somewhat at a disadvantage in this 
^ symposium, and it is my own fault. I have had the oppor¬ 
tunity to prepare an address for the occasion, but I have tried 
to listen attentively to those who have spoken ahead of me, 
and. I shall try to get my text from what they have said. 

I quite agree with the speakers who have preceded me in 
thinking that there is no reason to dread repetition. There is 
plenty of room for emphasis in anything we have to say on an 
engineering subject, or any other subject, for my experience is that 
in anything we are trying to show to others, or to convince 
others they should agree with us on certain propositions, we 
make but little progress anyway. There is a large amount of 
paraphrasing to be done, and sometimes the discussion and 
the emphasis lead us to correct our own views. 

I think I should first want to lay stress upon the suggestion 
which has been made by Mr. Stillwell, as to the influence of 
character. Much is said about the education of . the engineer, 
and especially the education of the engineer in college, yet, after 
all, the student is not prepared to take his place in the engineer¬ 
ing profession unless that question of character assumes its 
right XJlace. In fact, the more brilliant a man is as an engineer, 
the-worse citizen he may be, if that question of character has 
not its proper place. 

It seems to me that in much of our work in our Institute this 
question of emphasis might be brought out, because we, I think, 
bring forth a great mass of undigested material. It is not 
properly or fully discussed, and the result is our proceedings 
are filled with undigested material, some of which should be 
emphatically contradicted. On the other hand, there is much 
material that should be emphasized and re-emphasized, and 
therefore I want again to second Mr. Stillwell, this time with 
regard to that address of Prof. Swain’s. I think we could all 
afford to read that at least once a month, just as I think we 
could all afford to read Prof. Rankine’s dissertation which is a 
sort of introduction to his ^ ‘ Mechanics. ” I am debating whether 
I shall not make it a condition of graduation at Stevens that no 
senior shall graduate unless he can pass an examination on 
Rankiire’s dissertation. I wonder how many in this room have 
read it? 

Of course, it would not look well for all of us to get up here 
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and agree with each other on every point. I always find it 
agreeable to agree with everybody who speaks at the same time 
I speak, but I am not going to agree with*Mr. Stillwell with 
regard to his suggestion of a six-year course in engineering. 
Dr. Swain, I saw right off, knew I was not going to agree with 
Mr. Stillwell, and I believe Dr. Swain does not agree with him 
either. We may agree, however, more nearly than would ap¬ 
pear on the surface. I do believe absolutely with Mr. Still- 
v^ell that we should not so confine our education for engineers 
in the college as to have them limited to technical studies. On 
the contrary, I am a strong advocate of a more liberal course. 
But I do not believe that the college is the only educational 
agency. Far from it. If it were, then we would have a very 
poor lot of engineers. 

I do not want to be misunderstood. I do not think that 
the college is actually necessary for the brilliant man, or the 
man who can work 26 hours out of every 24, to get his educa¬ 
tion. It is the best preliminary training, in my opinion, for 
the average man, but I do not care who he is that goes to college, 
if he depends on that education he will never be an engineer in 
the true sense of the word. He must still graduate from the 
school of experience. My point about the four-year course, 
the two-year course, preliminary to the four-year course, or 
the six-year course, is that the argument is generally made, as 
far as I have heard it, that we need to increase the length of 
the college course in engineering to keep abreast with the pro¬ 
gress of engineering science. Then how many years shall we 
increase it, if we are going to cover the field? Will two years 
more do it, or four years, or six years, eight years, or ten years, 
or shall we keep a man in college until he is seventy years of 
age? He will not keep up with the progress of engineering 
science even then. In other words, while the man must be 
trained broadly in the fundamentals of engineering science, yet 
the practical engineer to be efficient must be a specialist, and 
the sooner he gets out, after he has learned the fundamentals, 
the more quickly and more efficiently he will acquire his train¬ 
ing as a specialist. That is my opinion, based on my observa¬ 
tion before and since I have been president of Stevens Insti¬ 
tute of Technology. On the other hand, I believe today in 
America we are distinctly at fault, for the boys come to us at 
college at eighteen years of age, knowing far less than they ought 
to know, and this because they have been crov/ded through 
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SO many' subjects that, as a class, they are not thorough. I 
believe that our public schools and preparatory schools generally 
can do more than they are doing if we could only recognize 
what is the truth, and recognize what is not the truth, with 
regard to education. Thoroughness in the fundamentals 
should be the basis for all education, and failure here is not 
com.pensated for by a smattering of many subjects. 

It seems to. me that in considering the status of the engineer 
today there is a broad responsibility to be considered. And 
r believe, based on a rather wide experience in engineering 
and outside of engineering, the problems to be settled in this 
country today, if this country is to continue in prosperity and 
not to have practically a revolution, are many of them, if not 
a majority, connected with engineering and the industries. If 
that be the case, what particular training should be peculiarly 
valuable in the settlement of these problems? Certainly the men 
who are trained in engineering and industrial management. 
But still, as has been pointed out to yoM by the last speaker, it 
is the engineer and the industrial worker who is least considered 
today with regard to law-making and the settlement of these 
problems. It is very interesting to be told the proportions 
of the different professions represented in our Congress. For 
instance, 75 per cent of the membership, as we have been told, 
is represented by the legal profession. There is only one engi¬ 
neer. I notice, however, with a good deal of interest, that there 
are two undertakers in the House of Representatives. . I do 
not know how the previous speaker looks on that. If he thinks 
they are out of place, I disagree with him. I would not mind 

seeing the proportion largely increased. 

As to the way our laws are made, let me quote from an address 
made last year by a lawyer, lawmaker, and statesman respected 

"l, irrespective of p.rty-EUhu Root: '• We make too nrepy 

laws. Our national and state legislatures passed 62,014 statutes 
during the five years from 1.909 to 1913 inclusive. During 
the same five years 65,379 decisions of the national and state 
courts of last resort were reported in 630 volumes. Of the 
statutes 2013 were passed by the national Congress; and of these 
decisions 1061 were rendered by the Supreme Court of the 

United States. . . „ , . 

“ Many of these statutes are drawn martistically, careiessty, 

ignorantly. Their terms are so va^e, uncertain, doubtful, 
that tbey breed litigation inevitably.” 
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We talk about the great achievements in engineering, and 
I think, as a rule, even we engineers are apt to think of the 
influence of our profession as exerted through these great achieve¬ 
ments, like the Panama Canal, the building of our great subways, 
the great hydroelectric installations, etc., but do we reflect that 
practically every thing in our daily life is involved with engi¬ 
neering? If we walk through the streets and look into the shop 
windows, no matter what kind of a shop it is, we have evidence 
of the engineer’s work in one way or another. If that is so, 
why is it that in connection with the laws that are made to 
govern or misgovern these people, the engineer should not be 
in evidence more than he is? It is partly his own fault, I am 
afraid, partly because he has not felt that he was called upon 
to take up the duty of doing his best to influence public affairs. 

I have had occasion many times to talk these matters over 
with engineers, and have had them say to me over and over 
again: Well, that is not my business.” It is their business, 

and it is our business, and distinctly so; we distinctly have 
the responsibility, for our training makes us peculiarly capable 
of solving some of these problems. The responsibility must 
accompany education and training; and before we complain too 
much as to present conditions we must recognize that we our¬ 
selves are in part responsible. It is not enough that we are 
ready to serve, but if necessary, we must force ourselves into 
the situation. 

Now, how about these people who go to our legislative halls 
and say they reflect the will of the people? It is perfectly 
ridiculous. If a man goes to seek an advantage and by every 
sort of trick manages to make his point, does he reflect the 
attitude of those who surround him? Many of those who have 
been made his tools would not think of adopting his methods 
or his ideals. That sort of argument is funny, as the speaker 
said, but it is very far from convincing. 

How about this joy of achievement? Again, should we not 
look at the little things as well as the big things? Should not 
we as engineers be more prepared than we are to get joy out of 
doing our work well all the time, in effort to keep up the stand¬ 
ards, even where this involves repetition. Is there not a field 
in this country today with regard to this pleasure in doing work 
well? I know there is in the schoolroom, not only in the col¬ 
leges, but in the graded schools. There is a distinct lack of 
the joy of achievement in the case of too many of our scholars. 
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There is at least one gentleman in the room who would be 
disappointed if I did not refer to the commissions. Why 
should the engineer be excluded from membership in the com¬ 
missions? They are hired to serve the commissions, to do their 
bidding, but it is rather the exception when an engineer is ap¬ 
pointed as a commissioner. Personally I believe that the 
present tendency towards commission control is absolutely in 
violation of our form of government. Again, I shall be mis¬ 
understood, I fear. I believe there should be commission reg¬ 
ulation, not commission control. I believe that if engineers 
had been on these boards from the start there would be less 
tendency than has recently been exhibited to usurp the three 
functions of government, which, according to tradition and ac¬ 
cording to law in many of our States, is in violation of our form 
of government, namely, that the one body should exercise the 
three fitnctions of government—the legislative, the executive 
and the judicial. These commissions all do exercise these three 
functions. I have had it stated to me by some of the commis- 
.sions that the courts are above them, and so control the judicial 
function. Do not the lower courts exercise judicial functions, 
although they are subject to the court above them? 

judge Prouty in an address delivered about a year ago, after 
serving many years as the chairman of the Interstate Com¬ 
merce Commission, and necessarily having had a large ex¬ 
perience, while declaring his warmest admiration for his own 
profession, which he says is the greatest profession in the world 
—of course, there is always a difference of opinion in such 
matters—said he had come to the conclusion as the result of 
his experience that the engineer is the man for membership on 
these commisvsions, and then he states some things in which I 
agree with him, and some in which I do not. For instance, he 
states that engineering problems can be solved by mathematics 
alone. Nothing could be further from the truth, in my opinion. 
As Mr. Herr has stated, there are many other things besides 
mathematics to be considered, and one of the things which 
has to be used to a large extent in engineering is common sense, 
something that is not too much in evidence in our legislative 

halls today. . - . , 

Judge Prouty then goes on to make an argument m favor of 

putting engineers on these boards. I do not mean that he 

favors putting engineers exclusively on these boards, nor do I. 

I think that the different vocations, the different activities, in 
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life should be represented on these boards, and if a single engi¬ 
neer is sufficient then a single lawyer is sufficient. These 
boards should be made up of common-sense men, broadly 
trained, broad-minded, fair, and competent as investigators, and 
this irrespective of their professions. I do not by any means 
advocate putting engineers on these boards only because they 
are engineers, any more than we would advocate placing a 
lawyer on the bench simply because he is a lawyer. Judge 
Prouty himself in this statement says that the lawyer, naturally, 
is not of a judicial turn of mind. He is prone to be an advocate; 
whereas the engineer is prone to be judicial in his consideration 
of questions. I have often thought in connection with my ex¬ 
perience with these commissions that if I could not do better 
with the law questions that are brought forward than^ the 
lawyer commissioners do with some of the engineering questions, 
I would retire from the witness chair. 

Another member of the Interstate Commerce Commission— 
who, by the way, is not a lawyer, but a professor of economics—has 
come to the same opinion as that held by Judge Prouty, with re¬ 
gard to the desirability of having well-equipped engineers on these 
QQj^^riissions. I confess I should expect to secure this admission 
from experienced members of the legal profession sooner than I 
would from theoretical economists. 

As to this question of honesty. While we have always had 
the Ten Commandments to guide us we have of late years had 
them served up to us in many different forms, and generally as 
if they had not been brought to our attention before. Is it 
not true that the legislators and others in power today in this 
country are conducting themselves, and trying to conduct us, 
as if there were no real honesty in the country outside of the 
government circle? Is it not a fact that at every turn, business 
and enterprises of all sorts are being put on the defensive? 
It seems to be assumed that business men must be treated as 
if they were dishonest until they can prove to the contrary. 
Because there is dishonesty, and there always will be until the 
millennium—and in my humble opinion that will not be ever on 
this earth—because there is dishone.sty, then must we regulate our 
affairs on the supposition that all are dishonest? We mi.ist put 
faith in the men who are doing the work of this world. I have 
had a pretty broad experience in many different lines. I com¬ 
menced at it when I was very young, and I have been thrown in 
contact with men in many different lines of work, and I am glad 
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to be able to say my experience has been that the great majority 
of men I have come in contact with are honest. There are dis¬ 
honest men and we must guard against dishonesty as we find 
it in the minority, but that does not imply that every man with 
whom we do business for the first time must be put down as 

dishonest until he proves that he is honest. 

Now, one of our greatest croubles today, in my opinion, is 
that because we have discovered dishonesty in some, we must 
regulate our affairs on the theory that all are dishonest. Per¬ 
sonally, I object in my business affairs to the application of this 

theory. 

Another thing i I believe that today we are submitting too 
timidly to this excess of regulation and control. While I do not 
believe it is for us to try to influence public opinion by devious 
methods, I do believe it is our duty to educate the public through 
frank statements of fact and arguments thereon reiterated as 
may be necessary; always being sure of our facts, and then having 
the courage to state them, even though we may fear that our 
personal interest for the time may be thus endangered. 

Just one word in conclusion: I believe that engineeis are 
better qualified than the men of any other one vocation or pro¬ 
fession to help in bringing back this country to a sane regulation 

of its affairs. 


ADDRESS OF GEORGE F. SWAIN 


I T IS an opinion that is very widely held, and particularly 
among engineers, that the engineering profeSvSion is not 
appreciated at its full value, and that the engineer does not re¬ 
ceive the recognition in public life and as a leader that his at¬ 
tainments entitle him to. In times past I have not hesitated on 
various occasions to raise my voice, feeble though it may be, 
in support of that proposition. I have not changed my views 
at all, and I agree with what has been said by previous speakers 
this evening in regard to that matter. Howevei, it seems to 
me that by emphasizing continually what the engineer ought to 
have, we may possibly overdo somewhat that aspect of the 
matter. I am, therefore, going to ask you tonight to take a 
different point of view with me for a few minutes, and to con¬ 
sider, if the engineer has not received proper recognition, what 
the causes for this are, and how the existing condition may be 
remedied. 
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course, as a pureh' |,)rofessional worker, the engineer is 
always necessary, and lit^ will always be called u|)on to do etn 
gineering work. Moreover, statistics sliow that the rc'rnimera- 
tion wliicli eiiginet'rs recenve is, on tlie average, as large a^ 
received by niernl)ers of tdie otlun* |.)rofessiotis. It is a ques 
of siqjply and deniarid, and tlie engineering |)rofession is 
overcrowded. I ft‘el cc^rtain of t.lhs from my ex]')erience in iiaving 
turned out a gnait many young men )'ear aftm* year, and Iiaving 
filaced thisn in |)ositions. 

Moreover, ha|,)[>int^ss and content, real success, stnviee to 
mankind and to a man’s family, do not depend u])on moiwy, arui 
are not measured hy dollars and cents, and can olitained just 
as well when tlie rcminun'ation is moderate as when tlie remunera¬ 
tion is very large; and engineers, as a rule, I la^lima*, recinve 
coni|)ensation suflicient to enable them to livt: comfortalily. 

Furtlunmore, in recent N’cairs the n‘spe(‘t jiaid t.o tlu‘ cngintaT, 
as well as his financial remuneration, luive greatly incrisiSish 
Engineers now frecpienth" ri‘cei\a‘ \aa*y large fees, fei*s that 2a 
or 30 years ago wovdd ha\'e betai (‘onsidmvd almost out of tin* 
{'iuestiom However, tbost‘ fet‘S arc* not as large as t.liose smne- 
times reeeivtal hy lawyers or doclors. for tlie sim|,)lc* rt*ason that 
the cmgineer docs not, appc'al t.o sc*ntiment, wliich is so tiolenl 
a factor in thc^ otlnn- profe^ssions. I |)resunie tliat fi‘ar, love and 
avarice are the most |)owerfid, (‘motions of the liuman being. 
The law at)|,)eals t.o all of t.hem; medicine a,|)|.)eals to fear ant! lovi*; 
engineering a[>|...H'‘als tc.^ n<,.)ne of t-liem. Anothca* |.)oti.‘nt factcir 
in the human being is vanit.^n .Ardiitt'cture a],..)peals to vanity. 
Tlie architect can (aisily |)ersuade his client to put up a cosily 
and luxurious liuilding, upon, winch he receives Ins ]..K:?rceiit.age, 
th.e iiercentage increasing as the work is less and lc‘ss nec‘c*ssury. 
The architect riglitiy |.)ut.s a tax on luxury. 

However, all of tlic‘SC‘ matters in regard to tlic:.* iirofessional 
services of the engin.ec*r will t.ake care of t,hemsc‘lves. Wo are 
chiefly concernc:‘d herc,‘ witli the status of tEe engineer as a 






in the community, a.s a moving force, as an adniinistT 
executor, who Icaids .hi the solution c,>f great iirolilenis. 

The suitability of a man for lea(.lerslTi]) depends U|:.)on 
things—his knowledge and his personal qualities. Most 
t.he great unc.lerta.k.ings today, as has been said l.>y speatkers 

evening, involve engineering; most of them, to a 
eat extent. .Everyliody recognizers this. 

a|)})lied science. 




r know 
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But law and business are equally necessary in the treatment 
of all of these great undertakings. There is no more reason, 
inherently, and no less reason, why the engineer should lead 
and be the employer, any more than why the lawyer or the 
business man should lead and be the employer. It gets down, 
therefore, in the end, to the matter of personal characteristics, 
as questions of this kind generally do. The man with the person¬ 
ality, if a lawyer or a business man, can easily lead, and can 
hire the engineering brains and knowledge, just as the engineer, 
if he has the personality, can lead and can hire the legal and 
the business brains and knowledge. 

If, therefore, the engineer does not lead, it must be because 
he lacks the personal qualities of leadership; and if he lacks these 
personal qualities, he ought not to lead. There is no mystery 
about it, no injustice. By personal qualities I mean character, 
presence, tact, ability to handle men, breadth of mental vision, 
mental training. 

Now, some of these qualities are inherent, and all may be 
developed more or less by training and experience. There is 
no reason to believe or to assume that one class of men in a com¬ 
munity, in the same country and at the same epoch, is inher¬ 
ently superior, in regard to personal qualities, to any other 
class. Have we any reason to suppose that engineers are in- 
hei'ently superior to the members of other professions in this 
country? It does not seem to me that we have. What indica¬ 
tions there are might be considered to point the other way. 

This is a matter upon which a person cannot speak at all posi¬ 
tively, or dogmatically, but I have talked with a good many 
college graduates as to what becomes of the men in their classes 
and I have been rather interested to find that they almost all 
tell me that the ablest men in their classes go into the law or 
into business. One thing, therefore, we must do is to try to do 
whatever is possible to induce the young men who are 
able, and of good character, to become interested in engineering, 
and to embrace it as a profession. We can all of us do something 

in that direction. 

The problem is then reduced to this further question, whether 
the personal qualities that come by training, or are developed by 
training and experience, give to the members of the engineering 
profession preeminent qualifications for leadership. Those 
qualities which are most influenced by training and experience 
are mental grasp, ability to reason correctly, capacity to discern 
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truth and a desire for attainment, and also the ability to deal 
with the human element. Now, it is generally claimed that the 
engineer should be particularly fitted, not only by his knowledge, 
which matter I have already referred to and disposed of, but 
because of his training, in ability to think straight, in breadth 
of view or grasp, in desire to get at the truth, and in the ability 
to discern the truth when he has arrived at it. 

Now, how true are these claims? Do engineers think straighter 
than lawyers or business men? No positive statements can be 
made on a subject like this, and there are of course many excep¬ 
tions to any statement that can be made, but I doubt whether 
engineers as a class think straighter than lawyers, especially, 
or the well-trained and experienced business man. The training 
of the lawyer in finding the exact meaning of terms is one of the 
most important factors in making him think straight. We all 
know how many misunderstandings and errors in reasoning 
come about because the exact meaning of the words or terms we 
use is not quite clearly understood. Ambiguity is one of the 
main sources of error in reasoning. The lawyer is continually 
concerned with getting at the exact meaning of words. In 
drafting statutes, in drawing wills, in all the varied work that 
he has to do, this is one of the practical courses of discipline which 
he goes through, and there certainly could be no better discipline. 

Moreover, no man understands a question if he can only 
state it from the positive point of view; he must also be able to 
state it from the negative point of view; he must see not only 
what it includes, but what it excludes; he must see not only the 
arguments in favor of it, but the arguments against it. In 
that matter also, the lawyer has a most excellent training. 
When he assumes a case he puts himself in the position of his 
adversary and exerts his wits to the utmost to discover the weak 
points in his own case. He tries to discover every argument 
that can be brought up on the other side, and then prepares 
himself to meet them, I somewhat question if engineers in 
their experience go through quite as good a mental discipline 
as that, or whether in the school room they get anything that 
is quite as good a mental discipline. 

I think, therefore, the legal training and experience, on the 
whole, probably trains men better to think straight or to reason 
logically, than engineering training. The single objection to 
the legal training is one that has frequently been mentioned, and 
has been previously referred to this evening, and that is that the 
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lawyer is apt to become an advocate. But still we all know 
that there are many, very many, capable, high-minded lawyers 
who will not take a case unless they believe that they have the 
right on their side. Moreover, in human affairs, there is almost 
always something to be said on both sides of every question, 
and the lawyer who undertakes a case, should simply have for 
his object to see that the arguments on the side of his client are 
presented as strongly as possible, leaving it to the judge or the 
jury to decide on which side the right is to be found. It is 
not always a simple case of being in the right or in the wrong; 
it is more often a question of presenting fairly one side of a two- 
sided argument. 

It is undoubtedly true, however, that there is a seamy side 
to the law, and that large numbers of members of that profession 
are dishonest, many of them mere blackmailers or ambulance 
chasers. To this class of men there is no parallel in the engineer¬ 
ing profession, so that, taken as a whole, I believe, as I have 
frequently stated, that there is no more honest body of men than 
the members of that profession. There is abundaiit proof, 
however, that honesty of purpose and a desire to arrive at the 
truth may be misdirected, and that those qualities will not result 
in leadership unless combined with judgment, breadth of view, 
power of logical thinking and the ability to distinguish truth 
from error. 

Now, how about breadth of view? Can we say that the en¬ 
gineer’s training and experience give him a greater grasp, a 
greater mental breadth of view, than that of the lawyer or 
business man? Here again there may be doubt, but I similarly 
question whether today, and in the past, the training of the 
engineer has given him as much grasp and breadth of view as 
the training of the lawyer and the business man. I am afraid 
that the engineer concerns himself in college, and after college, 
too much with the minor technical details of his profession, does 
not accustom himself to study large questions, does not take 
interest enough in the consideration of the great problems affect¬ 
ing the community in general. I know that is so in the colleges. 
I know that the young men get interested in the purely routine 
technical details of the studies they are pursuing, and that it is 
difficult to get their minds away from these'things to any large 
extent. Some men have such breadth of view, and get above 
the details of their profession, but many engineers seem to lack 
this quality and find it very difficult to acquire it. 
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The case with the business man is somewhat similar. I am a 
great believer in the business man, and I believe that his exper¬ 
ience, bringing him in contact, as it does, with law, with engineer¬ 
ing, with all the varied activities of public life, is a most excellent 
training. I should like to see more engineers in Congress, as 
has been suggested, I should like to see an engineer become the 
president of the United States, but I should like to see, for once, 
a really good, broad-minded business man in the presidential 

chair. 

Instead of complaining, then, although it is true, that the 
engineer is not recognized, I urge that we try to realize, if this 
is so, that there is a cause for it. We live in a world of natural 
law. For everything that is, there is a cause, not only in the 
physical world, but in the mental and moral world; and this 
cause will always produce its effect. If the engineer is not recog¬ 
nized, therefore, let us see if we cannot find the cause and remedy 

it. 

Among the things which I think we can do, are the following: 
We may exercise our influence to bring the facts in regard to the 
engineering profession, its possiVjilities, the high character of its 
work, to the attention of our young men in oitr schools, and 
to induce the honest and capable young men of the coming gene¬ 
ration to embrace that profession. In the second place, we 
may influence technical education and try to secure a broader 
curriculum in our engineering schools, with more attention paid 
to fundamental principles and less attention to the technical 
details, which the graduate must learn in order to master his 
profession, and which he can learn a great deal better in the 
field after he graduates than he can in the school. Let us insist 
on a training of our engineering students in the English language, 
so that the engineers of the future shall not only be able to speak 
and express themselves clearly and lucidly, but may be able to 
write a proper report, and to impress upon people with whom 
they come in contact, not only that they are qualified in their 
engineering specialty, but that they are able to mix with men 
and to deal with large questions in a comprehensive way. 

I agree entirely with what has been said in regard to mathe¬ 
matics. I think the fact that engineering is to so large an extent 
a mathematical subject is one of the main reasons why the 
engineer is not recognized. In my opinion, there is scarcely 
anything that tends more to narrowness of view than dealing all 
the time with problems that can be solved only by rigid mathe- 
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matical processes, because the great questions which confront us, 
even in engineering, are not mathematical questions; the data 
are shifting and variable, and the human element comes in; 
therefore, the man who is accustomed to solve his problems by 
mathematics, and can only do the solving in that way, finds 
himself at a loss in the practical affairs of life, where mathematics 
do not apply. We should further seek to broaden the minds 
of our engineering students, as well as our own minds, by the 
study of history, literature, psychology and other subjects which 
give a broad outlook upon life. 

I urge, therefore, that in these ways we help to make ourselves 
and the engineer of the future possessed of the personal qualities 
of leadership. We may rest assured that if we are possessed of 
these qualities, leadership will come to us. 


ADDRESS OF HENRY G. STOTT 


1 FEEL that it is not necessary for me to apologize to you 
tonight when I say that I am going to be very brief. The 
hour is so late, and so many weighty matters have been presented 
to you tonight by the eminent gentlemen who have spoken to 
you, that I am quite sure what I have to say can be put before 
you in a very brief time. 

I think that the present status of the engineer is quite satis¬ 
factory when we find on our platform tonight two engineers who 
are now presidents of two of our great corporations in this 

country. 

There is one feature of the status of the engineer in this 
country, however, which is extremely unsatisfactory and ab¬ 
solutely unfair. I refer now to the many engineers who are 
employed by the United States Government. You hear of 
Major So-and-So, Colonel So-and-So, and Captain So-and-So, 
having charge of such and such a piece of work, a great piece 
of engineering work; but you never hear a word of the poor civil, 
mechanical or electrical engineer, who has actually done the work, 
and probably planned the whole thing. Our army engineers are 
very capable men, but they secured their high positions, as a 
rule, as executors, and did not do the actual engineering. That 
is one point on which we should all aim to help out our brethren 
who are employed by the United States Government, to secure 
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a better recognition of their services. 1 hat is really a very 
important thing, I think, for engineers to remember, and they 
should kcc]) it in mind wherever they can bring any intlnenec 
to liear on the government oiFicials. 

Aliont seven years ago, when you honored me by electing me 
president of tins Institute, at the time when it came 
liresi<U'nt to sing his “ swan song,” I made some remarks 
” l-Aolution of lingineering.” In that address, which was given 
at Atlantic t'ity, I quoted one of the oldest definitions of 
gincering that wc have, that of 'ri-imnas I'l-edgold, who, : 

y-seven years ago, gave tliis ticfmition: " Ifngineering: 
of directing the great source's of jjower in nature itir the 
convenience of man.” I'hat is a ver\' jjowerful deiinition 
still liolds fo a great extent today. However, I sliowe*! i 
iddres.s to whieli I ha\-e just referred, that, due. to the ( 
of engineering, wc are ron.stantly develo]iing new speci; 
at as the art dcveloiiecl and the ])arti(ndar liranch which a 
was working on laecame more important, it liecanK- necessary 
stunt'Otu', atrd perhaps many, to devote tlu'ir entire attention 
study to that one braneh. We liave at le.ast iiit.y distinct 
md entirely seitaratc; liranelies of engineering today. While it 
very necessary for a man to h;ive a general ktiowledge of cn- 
...... of other .subjects, in that connection I ahva> 

UK (if a musietd comedy wliieh was ]ircsenU;(l in .New \'i 
some years ago, in wliieh one of the iierformens rendered :i song 
itation, and in it lie told idiout his fat,her, wlio was a 
tie could not ])lay the violin because he had t-oo 
many knuckles on his iingens, and could not iday the tromlione 
liccause lie did not have wind enough, etc., and lie fimdly settled 
down to play the liass viol, 'riie moral wliidi the performer 
drew from his father’s struggle to play the dilTereut inslrumenf 
Wits that “ you can't play c\-ery instrurnent in f.he li; 
'I'here is mucii truth and iihilosophy in tliat, and it stuck 
mind. We should siieeialixe in some jiarticular lir.incti 
rcmcndicr that wc cannot jihiy every instrument in tl 
There arc at least fifty different instruments in our liand, r 
no man can play them all. 

The develo) inieni.s of recent years, however, have lirought us f;u'»* 
to face with two t\'iies of engineers, those who sjieci 

sulijects, as one class; those men, I 
dieir achievements rather th 
which may come to tbcni. They certainly in 
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have great reward. In another class are those who come to 
certain stages of endeavor by a process of natural selection, and 
naturally adapt their engineering principles to executive posi¬ 
tions. We have on the platform tonight several notable ex¬ 
amples of that kind. I take it that as long as men are not all 
made alike—no matter how evenly they may start with the same 
education, they all have different characteristics—each one 
must be developed along the line of his particular talent, so 
that while some may specialize, others will generalize. 

And so, as in finishing up my address at the convention 
at Atlantic City, I will close with my own definition of engineer¬ 
ing, which I made at that time, as being rather more applicable 
to the present development of the art:—Engineering: The 
art of organizing and directing men and of utilizing the forces 
and materials of nature for the benefit of the human race.’’ 


ADDRESS OF J. J. CARTY 


T he engineer does not work in isolation. Like his fellows 
in the other learned professions his work is done in co¬ 
operation with those within and without his own profession. 
His work may be done through conscious cooperation, as in a 
corporate organization or learned society, or it may be done 
through that cooperation which he, like all others, exhibits 
as a member of organized society, and which is often most in¬ 
tense and effective when he is attending vStrictly to his own busi¬ 
ness, with no thoughts of cooperation in his mind. 

Prom the dawn of engineering the work of the engineer has 
had to do with men as well as with things. The first rude 
implement shaped by the hand of man was designed to divide 
man’s labor with him. In creating the first industrial and agri- 
cultural tools used by mankind the primitive engineer worked 
out a problem in organization, for the problem of organization 
is the problem of the division of labor. Labor may be done 
wholly by men and divided up among them in various ways ac¬ 
cording to their abilities, or it may be divided so as to be done 
partly by animals or partly by machinery provided by the 

engineer. 

On account of the physical nature and oftentimes the monu¬ 
mental character of great works of engineering, the material 
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side of the engineer’s work has, until recent years, been its dom¬ 
inating characteristic, not only in the minds of the public but 
to a large extent in the minds of the engineers themselves. But 


a change has taken place. It has come about so rapi 
so imperceptibly that there has not been time even for the en¬ 
gineer himself to realize it, notwithstanding that to these changes 


he has been perhaps the greatest contributor. 

The pure scientist, searching the unfathomable depths of 
nature to discover the wonderful truths there to be found, pro¬ 


duces the raw material with which the engineer, with the power¬ 
ful aid of his close ally, the chemist, constructs agencies which do 
so much to magnify the returns from the labor of man. From 
the dawn of history the work of the engineer has been to lighten 
the labors of man and to provide him with means of defense 
against his enemies. That these agencies provided by the en¬ 
gineer could be used for offense, as well as defense, and that they 
have been used in unjust, aggressive wars is the testimony of 
history. This evil is not to be ascribed to the work of the 
engineer. It is but a part of the crime of those who are 


responsible for waging an unjust war. 

To understand the status of the engineer, we must ai)i)reciate 
his activities in war as well as in peace, and when |)eace comes 
again, and let us hope it will not be long delayed, astounding 
will be the story that will be told of how the agencies provided 
by the engineer have shared with man the labor of destruction. 


Foi'tunate it is that we are not now com])elled to con¬ 
sider the consequences of the engineer’s efficiency in war, but 
that we can dwell upon the more salutary results of his efforts 


in the arts of peace. 

During the last forty years, the increase in the met 
of transportation and communication, combined with the multi¬ 
plication of improved labor-saving machinery in agriculture, 
mining and manufacture, which is so largely due to the engineer, 
has made poSvSible in a higher degree than ever before tliat divi¬ 
sion of labor and that high state of differentiation in our industrial 
and commercial organization which are the mark of ])rogress^ 


Everywhere that machinery is employed, the work of the 
engineer is plainly evident, even to the superficial observer. 
It can be allocated to a concrete, definite, physical thing. It 
is not so easy to see that in the design of 
engineer had to consider his problem broadly as a problem in the 
division of labor, and that he had to determine at what point 
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in the economic scale ^human labor could properly be superseded 
by that of the machine. 

By such methods as these, the engineer long ago learned what 
is not yet sufficiently understood, that the problem of introducing 
a labor-saving machine is not solely a mechanical one. In 
addition to mechanics it involves economics as well as methods 
of operation. To the untrained mind the design of a machine 
to perform work formerly done by hand seems all that is required, 
but to che engineer, who is trained to consider these problems 
comprehensively, such a machine, however well it may operate, 
is not a labor-saving machine until the total annual charges 
lying against it are less than those which would be incurred if 
the work were done by hand. In this comparison, of course, 
the same quality of output is assumed. Unless equally good 
work can be done by the machine at lower annual charges, it 
is not a labor-saving machine, but rather a labor-increas¬ 
ing machine, substituting one kind of labor for another 
and more of it; but because this increased and substituted 
labor is performed in the mine, or at a distant factory, or else¬ 
where, it is not recognized by those minds which are capable 
of dealing only with simple, concrete things before their eyes 
which they can see and touch. 

It is in the manifold nature of such problems as these that the 
ideals and imagination and those other mental processes of the 
engineer are brought to that high degree of development which 
lies at the foundation of all that is great in his achievements. 
The work of the engineer calls first for a correct ideal. While, 
as in other human affairs, it is not often that he attains an ideal 
solution of his problem, he understands the value of a correct 
ideal toward which, by the aid of an accurate and trained 
imagination, he directs his efforts. 

In a distinguished way the work of the engineer, to be success¬ 
ful, must follow strictly in accordance with nature’s laws. Be¬ 
fore a human tribunal it might be proved by specious argument 
that an inadequate structure will sustain a maximum load or 
will withstand the severest action of the elements, but in the 
court of nature, before which all of the work of the engineer is 
ultimately tried, nothing will prevail but absolute compliance 
with its inexorable laws. 

The historian of the future will say that perhaps more than 
any other class of men the members of the engineering societies 
which are represented here tonight and their fellow engineers 
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is commendable in all of these movements; that they should 
be allowed to develop until they have assumed definite shape, 
and it can be seen whether they may not represent some most 
important activity to which perhaps only the wrong name 
has been applied. Such growths as these, if not fit to survive, 
can safely be left to that pruning process which nature sooner 
or later applies to all that is unfit. 

There is no doubt that in the sudden growth of organization 
in mine and factory and on the farm and in commerce and 
transportation and communication, the engineer has often been 
admirably cjualified to make that systematic division of labor 
among men, and between men and machines, which constitutes 
modern organization.- When viewed as a problem in the divi¬ 
sion of labor as between man and machine how natural and easy 
has been the evolution of the efficiency engineer, who is really 
dealing with the problem of management, and who is calling 
his work by the name of scientific management’’ instead 
of efficiency engineering.” It will be a great day for 
progress when scientific” management can be merged with 
‘‘common sense” management, each dropping the adjective and 
becoming plain management. 

There is no doubt that some of the engineers with adjectives 
have been over-running the territory and encroaching upon the 
provinces of other branches of industrial and commercial activi¬ 
ties, and that under tlie name of “ engineering ” they have been 
performing functions foreign to that profession. It is safe to 
say that this is because the sudden increase in the complexity 
of modern organization brought about by the use of scientific 
methods and mechanisms has obliged the manager to give more 
and more attention to scientific and engineering matters. 
Because of his lack of familiarity with these new changes he 
has been obliged to call to his aid the engineer and^ has been 
led to call by the name of “ engineering ” many activities which 
are really those of management and which, with the growth 
of the science of management, will in due course be called by 
their proper names.' 

In this there is a tribute to the engineer and at the same 
time a warning. It is coming to be recognized that the exper¬ 
ience with men and things to be obtained in the practise of 
engineering is a valuable ingredient in that complex compound 
of which successful management is composed. The warning 
to the engineer is to check his activities as soon as he finds they 
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are encroaching upon the province of other |:>rofessioTis tmd 
other departments, to call things by their riglit names, riticl to 
recognize that within his own province there lies a career ex¬ 
ceeded in usefulness by none of the other learned |)rofessions. 
By so doing he will best prepare himself to receive that recogni¬ 
tion outside of his own ])rofession which, at the dedication of 
this great engineering Ijuilding, was ])ro])liesied for him l>y 
Dr. Hadley, the ijresident of Yale, who said: 

We have outgrown tlie day wlren a little common sense was 
sufficient for managing tlie affairs of the nation. art* 

become too complex and this complexity gi\''es tlie engineiu*-.. 

if lie will add to his training in mathematics a training in t‘tlhcs 
and political economy ancl the fundamental ])rinci|)k‘s of tlie 
law—an opportunity sucli as never before existed to claim anti 
receive the ]:)Osition whicli rightfully belongs to liirn. 

‘‘ We eeleljrate today and we are justified in celel>rating the 
recognition of science as a necessary guide in the conduct of 
the material affairs of each man’s liiusiness. Half a cent nr v 
hence, when our descendants shall meet in this ljuilding, or some 
yet greater building, I am confidemt that they will celi‘!)rati‘ a 
yet greater thing, the recognition of tlie riglit of men of scicnee 
to take the lead in enlightening the thouglit of the |)eo|ili* on 
public affairs and the resi)onsibility of filling the liiglier jiositions 
in the service of the commonwealth 


ui.ough these words were spoken from this very iilatform 
than ten years ago, yet in that short time so far lias the status 
of the engineer lieen advanced tow^ird the ideal set forth liy 
President Hadley, tliat I am sure if he were here to-night he 
would not place that day which is to be celebrated so fur 
as half a century hence. 
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DISTORTION OF ALTERNATING-CURRENT WAVE 
CAUSED BY CYCLIC VARIATION IN RESISTANCE 


BY FREDERICK BEDELL AND E. C. MAYER 


Abstract ,OF Paper 

An alternating current flowing through an unvarying non- 
inductive resistance has a wave-form that is undistorted and is 
identical with the wave-form of electromotive force. _ If the re¬ 
sistance varies during each cycle, on account of changing current 
and temperature or other causes, the current wave-form will be 
distorted and will contain a third harmonic that will flatten the 
current wave when the temperature coefficient is positive and 
will peak the current wave when the temperature coefficient is 

negative. , /-i. a. • 

If there is no temperature lag in the resistance (that is, it 

the maxima and minima of temperature and resistance coincide 
with the maxima and minima of current), the maximum or the 
third harmonic in the current wave will coincide with the 
maximum of the fundamental, so as to flatten _ or peak the 
wave as stated. A temperature lag in the resistance, how¬ 
ever, causes the third harmonic of the current to be retarded in 
phase, and likewise causes a slight shifting of the fundamental or 
current with respect to the electromotive force. 

Due to this distortion of current wave-form, power factor 
becomes less than unity and a vector diagram in more than 
two dimensions is required to show the true relations between 
current, electromotive force and power factor. 

These conclusions, reached theoretically, conform with t 
experimental facts so far as known. In practical cases cyclic 
chaiige of resistance is so small that the distortion dme to it is in¬ 
significant. 


TN A non-inductive circuit, the resistance of which remains 
1 constant during the cycle, an alternating^ current has 
exactly the same wave-form as the electromotive force im- 
oressed upon the circuit, for the current at each instant is 
directly proportional to the electromotive force at tha,t instant. 
This is not true, however, if the resistance of the circuit changes 
during the cycle, as it does when the circuit consists of an incan¬ 
descent lamp or lamps. In this case, since i = e ^ r, the value of 
the current at any instant does not depend upon the electeomo- 
tive force alone but depends also upon the value of the resistance 
at that instant; the wave-form of current is, accordingly, no 
longer the same as the wave-form of electromotive force, 
simple sine electromotive force does not, in this case, produce a 
simple sine wave of current but a complex wave made up o a 
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fundamental and one or more higher harmonics. It is the pur¬ 
pose of this paper to make a tlieoretical study of tliese harmonics 
and to see to wliat chang'CH in resistance a particular harmonic 
corresponds. The conclusions which follow agree with experi¬ 
mental fact.s, so far as they arc known. 

If the resistance passes through the same sei'ies of values 
during the negative half-wave of current as during the positive 
half-wave, the negative lialf-wa\'e will Ijc a rcijctition of the 
{)ositi\-e, witli sign (changed, and, 0:1 jiccount of tlu.s symmetry, 
the current wave can contain no even hannonics. (liven har¬ 
monics \vould 1)0 introduced, liowever, by a discriminating re.si.s- 
tance having difierent values ior jjo.sitivc a,nd for negative cur¬ 
rents; fjut it is not the. pur;)ose of this paper to consider re.sis- 
tances of thi.s kind). 

It will he sliown later, in connection with Pig. 10, tliat no 
harmonic otlier than tlie tliird can i)roduce an effect consistemt 
witli physical facts, if it: alone is])rosentori)redominaut. Partic¬ 
ular attention will, tluTcfore, lx* given to tlie third liarmonic 
and tlie cyclic cliangc in rcsi.stancc eorrcsjionding to it.' 

Lei. it l)i; a.s,sumed that the electromotive force is a sine wave, 
as curve e in Figs. 1 l.o (i, and that t:he cuirent, i, cotisist.s of a 
fundamental, it, and a, t.hird liarmonic, is, wit.h maximum value 
equal to ten per cent of tlie maximum value of the fundamental. 
The jihase of tlie tundamental and of the third hamionic witli 
respect to tlie clcciromolive force will lie repre,sented by and 
Os, respectively. 

In-csiiec'tive of the valiif' of r, the current must lie zero when the 
electromotive force i.s zero, for i = e r, and thi.s fact has been 
made use of in constructing tlie curves. 

In con.structing Figs. 1 to 6, the procedure ha.s been as follows: 
First the electromotive curve e, a sine curve, i.s drawn. The third 
harmonic, is, is then drawn in some assumed pliase position, a.s 
shown by the figure and indicated liy tlie value of Bs. Next, 
the fundamental of current, it, is .so located that, when the elec¬ 
tromotive force, i.s zero, it and is will have eqiud and oppo.site 
value.s; the total current i is tlnrs made zero when the electro- 
motive force is zero, a nece.ssary condition, as already pointed out. 
Finally, the curve i for total current is drawn as the sum of it 






1. A .similar .study ha.s been made of the distortion of wave-form in a cir¬ 
cuit embracing iron; see Effect of Iron in Dislorling Alternating-Current 
Wave Form, by P. Bedell and li. B. Tuttle, Ti<an.s. A.LB. E., p. 671, Vol. 
XXV, 1906. 
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and iz] and the curve r is drawn showing the instantaneous 
values of resistanccj r = e i. 

On the right, in each figure, the broken curve r shows the value 
of resistance for each value of current; the solid curve shows the 
relation between e and i. Except in Figs. 1 and 4, it will be 
seen that r and e have different values for increasing and de¬ 
creasing values of 

Discussion of Curves. Fig; 1 shows that a third harmonic of cur¬ 
rent in phase with (03 = 0), flattens the current curve and cor¬ 
responds to a resistance that increases with current, that is, the 
temperature coefficient is positive. Maximum resistance occurs, 
in Fig. 1, at the same time as maximum current; hence, in this 
case, there is no temperature lag. It is seen that the resistance 
has the same value for increasing and for decreasing current. 

Since the resistance curve has maxima for negative and for 
positive current, the resistance curve has twice the frequency of 
the current curve. 

Fig. 2 shows the same case as Fig. 1 except that the third 
harmonic of current is caused to lag a little, with respect to 
the electromotive force. As a result, the fundamental, u, is seen 
to be advanced in phase so that the sum of the fundamental 
and third harmonic of current is zero when the electromotive 
force is zero. ■ The maximum resistance is novr reached later 
(approximately 30 deg. later) than the maximum current, indi¬ 
cating a temperature lag. Resistance increases with current^ 
indicating a positive temperature coefficient, but the maximum 
resistance is now reached later than the maximum current,' and 
the resistance has different values for increasing and decreas¬ 
ing current, due to this temperature lag. 

The curves on the right, accordingly, show resistance hystere¬ 
sis loops 

Fig. 3 is the same as Fig. 2 with 03 increased to 30 deg. 0i now 
has its greatest possible value, for further increase of 03 decreases 

01, as shown in Fig. 7. 

Curves, not shown, have been drawn similar to Figs. 2 and 
3 for all ranges of value of 03 ; the figures reproduced here are typi¬ 
cal. They agree remarkably well with the experimental curves 
of Sahulka^ and BedelP made with i ncandescent lamps. These 

2. “ Wave Forms of Current and Cp of Alternating-Cur rent Lamps, 
by J. Sahulka, Elec. World Digest, p. 803, Vol. 49, 1907; original article in 

Elek. und Masch., Feb. 17 and Mar. 17, 1907. ^ 

3. “ Measurement of Instantaneous Lamp Resistance, by r. Ueaeii, 

IForW, p. 370, Vol. 57, 1911. 
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Fig. 1. Qz = 0. Qi is then 0; h and Iz are in Phase with E. Maxi¬ 
mum R Coincides with Maximum I and there is no Temperature 
Lag. Temperature Coefficient is Positive 



Fig. 2. 0z = —6° (Approx.), Iz being Retarded in Phase. is 
then' Advanced so that 0i = + 2°. Maximum R Lags 30° behind 
Maximum I, Due to Temperature Lag. Temperature Coefficient 
is Positive 



Fig. 3. 0* -30°, Iz being Further Retarded; Ji is then Advanced 

so teat 01 = + 5.75°. Maximum R Lags 60° behind Maximum I Due 
TO Temperature Lag. Temperature Coefficient is Positive 
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Fig. 1. Minimum R Coincides with Maximum I and there is no 
Temperature Lag. Temperature Coefficient is Negative 



Fig. 5. 03 = - 66° (Approx.), I > being Retarded in Phase, h is 
THEN Retarded so that 0i = — 2°. Minimum R Lags 6° behind 
Maximum I, due to Temperature Lag. Temperature Coefficient 
is Negative 



Fig. 6 0. = - 90°, h being Further Retarded. I is then Re¬ 

tarded so THAT 01 = — 5.75°. Minimum R Lags 30° behind Maximum 
I. Temperature Coefficient is Negative 
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theoretical curves, however, are much exaggerated in order to 
illustrate clearly the character of the results and show 30 to 40 
per cent change in resistance during a cycle, whereas the ex¬ 
periments^ referred to showed a change of only one or two per 
cent. 

It will be seen, in Figs. 2 and 3, that the third harmonic of 
current is lagging, ds being negative. The corresponding cases 
with @3 positive would be shown by Figs. 2 and 3 reversed as in a 
mirror; the maximum resistance would then be reached before 
instead of after the maximum current, indicating a temperature 
advance instead of a temperature lag. As this would be incon¬ 
sistent with physical fact, it may be concluded that the third 
harmonic must lag as shown in Figs. 2 and 3. 

Figs. 4, 5 and 6 show cases corresponding to those shown in 
Figs. 1, 2 and 3, the third harmonic, however, being reversed. 
The current wave is now seen to be peaked instead of flattened. 
The resistance in these cases is found to decrease with current, 
corresponding to a temperature coefficient that is negative instead 
of positive. 

In Fig. 4, the resistance has the same values for increasing 
and decreasing current, there being no temperature lag and no 
hysteresis in the resistance changes; the minimum resistance 
coincides with maximum current. 

In Figs. 5 and 6, minimum resistance occurs after maximum 
current; these figures show a temperature lag and resistance 
hysteresis. The fundamental of current in Figs. 5 and 6 is 
lagging instead of in advance of the electromotive force, as in 

Figs. 2 and 3, so that its value at the moment of zero electromo- 

* 

tive force will be equal and opposite to the value of the third 
harmonic. 

In passing from Fig. 1 to Fig. 3, the flattening becomes less 
pronounced as the current curve becomes less symmetrical. 
Similarly, in passing from Fig. 4 to Fig. 6, the distortion of the 
current curve does not make so definite a peak. 

Fig. 7 shows the relation between Qi and 03 , determined by 
the condition that the instantaneous values of the fundamental 
and third harmonic must be equal and opposite at the moment 
when the electromotive force is zero. Fig. 7 is drawn for the 

4. Experiments might be made with resistances having a much higher 
temperature coefficient than incandescent lamps. A boron resistance 
has been described by Dr. E. Weintraub, the conductivity of which doubles 
for 17 deg. cent, change in temperature; see Elec. World, Vol. 63, p. 1098, 
May 16, 1914. 
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case in which the third harmonic is ten per cent of the fundamen¬ 
tal. Even in this exaggerated case, it is seen that the lag or 
lead of the fundamental cannot exceed 5.75 deg., and this possible 
phase difference would be less if the third harmonic were less. 
In practical cases, therefore, the phase shift of the fundamental 
current due to resistance change will always be small. 



Fig. 7—Values of 0 i for Different Values of dz 

Figs. 8 and 9 show the amount of lag in maximum or minimum 
resistance, after maximum current is reached, for different 
values of dz. Points a, &, c, d, e, f were determined from Figs. 
1 to 6, respectively, other points being determined from similar 
curves not here reproduced. The amount of lag can be only 
approximately determined from the curves in each case. In 



Fig. 8— Lag of Maximum R behind Maximum I due to Temperature 
Lag. Points a, h , c Correspond to Figs. 1, 2 and 3, Temperature 
Coefficient Positive 

view of this fact the results in Figs. 8 and 9 seem quite consistent. 
In Figs. 7, 8 and 9, negative values of dz correspond to tempera¬ 
ture lag; positive values would correspond to a temperature 
advance, as already pointed out. 

In the foregoing discussion, resistance has been considered as a 
function of current, the relation between resistance variation 
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and wave form of current being the object of the investigation. 
If, in Figs. 1 to 6, curves were drawn for instantaneous power, 
by taking the product e X i, these curves, as is weU known, would 
be curves of twice the frequency of eoti. In Figs. 1 and 4 the 
double frequency curve for r would have its maxima and minima 
(or minima and maxima) coincident with the maxima and minima 
of the power curve. In the other figures the double frequency 
resistance curve would lag behind the double frequency power 
curve, and this lag behind the power curve would not be identical 
in amount with the lag behind the current.. As power depends 
upon e as well as i, maximum power is not coincident with 
maximum i, but, in case of smooth curves as here discussed, is 

between maximum e and maximum ^ 

Fig. 10 shows the change of resistance with current which 



PiG_ 9 —Lag of Minimum R be- 
HIND Maximum I due to 
Temperature Lag. Points 
d , e, / Correspond to Figs. 
4, 5 and 6; Temperature 
Coefficient Negative. 



Fig. 10—Change of Resistance with 
Current Necessary to Produce a 
Ten Per Cent Fifth Harmonic; 

= 0; Temperature Coefficient 
Positive 


would be necessary to produce a fifth harmonic. Inflections, as 
shown in Fig. 10 for a fifth harmonic, would occur in resistance 
curves drawn for any harmonic above the third. Such curves 
do not agree with the physical facts, as do the curves drawn 
for a third harmonic. Figs. 1 to 6. We accordingly conclude 
that the third harmonic must be predominant and that any higher 

harmonics must be relatively small. 

Power Factor. With a sine electromotive force, there is power 
in the fundamental current only, there being no power in a.ny 
harrhonic in the current that does not have a corresponding 
harmonic in the electromotive force. The true power is, ac¬ 
cordingly, E h cos 6i. The apparent power is El, where I is the 
effective value of the total current; 1“ Ii "b Is "b 
1 ••• * * 
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Power factor, the ratio of true to apparent power, is, accord¬ 
ingly, equal to cos 0i X /i -5- /, being the product of the funda¬ 
mental power factor and a distortion factor, Ii -r- I, always less 
than unity. Power factor is independent of ds. 

A third harmonic of ten per cent gives a distortion factor of 
0.995 and, for the cases shown in Figs. 1 to 6, the power factor is 
cos 6i X 0.995. When di = 0, Figs. 1 and 4, the power factor 
has its maximum value 0.995. When di = 5.75 deg., Figs. 3 and 
6, the power factor has its minimum value 0.990. 

Vector Representation. The vector 
representation of a sine electromotive 
force, E, and a distorted current, 7, is 
shown in Fig. 11. The fundamental 
plane (the plane of the paper) is de¬ 
termined by E and the fundamental 
current, h = a'b, the phase difference 
between them being d\ = aa'h. 

The third harrnonic current, 7s, is 
represented by a'd' at right angles to 
the fundamental plane,^ irrespective of 
the value of 6%. (This line represents 
any harmonic, not necessarily the third. 
If several harmonics are present, it 
represents their combined value, Ih = 

( 7 $^ + I 1 7^ .) 

•will, however, be referred to here as the 

third harmonic.) 

The total current 7 is represented by a'c, the vector sum of h 
and 7s, and fulfills the condition 

P = 7i2 + 

The fundamental power factor is cos di = cos aa^ b. 

The distortion factor (as used above) is 7i 7 = cos ca' . 

The total power factor, or cos B, is the product of t ese wo, 

tliat is, sy T T- 

cos d = cos Ul /\ j-i • » 

or, cos cici'c = cos cici'b X cos &• 



Fig. 11—Vector Diagram 
IN Three Dimensions 


^ This representation of harmonics by vectors out of the fundamental 
5. This of the writers at a meeting of the Physical 

plane was described by one ot tne p ^.r^rp^entation of Non- 

loci.ty in J»e, IW;No,. ^ SrphfvS XXUI, 
Sinusoidal Alternating Currents, y^ 
p. 249; also Bedell and Tuttle, loc. cit. 
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It is seen that, unless /a is zero and the current is a sine wave, 
there is no value of 0 i tliat brings I in ])hase with E; tliat is, 6 
is never zero and cos 0 is never unity. 

S'linirnary. Cyclic change in resistance distorts the current 
wave and tliis distortion is accounted for chiefly l:)y tlie intro¬ 
duction of a tlrird harmonic. This harmonic lias sucli a 


'1 


ition as to flattmi tlie current wave slightly wlum tlie tem|)era- 
turc coeflicieiit is positive and to peak the wave wlien tlie tem¬ 
perature coefficient is negative. The third harmonic lags 
in phase, from a symmetrica,1 fiosition indicated by 6^3 — tbleg-or 
60 <k‘g,, by an amount de|)endent u|,)on tlie anKn.mt of temperat ure 
lag; this causes a slight sliifting in ])liase of the fundamental, 
advancing tlu‘ fundamental in ])liase whcai the tem])i‘raiure co- 
effieicmt is iiositivc' and retarding it in phase when the tmnpt'ra- 
tun* coefficient is negative. 

On account of the distortion of currc*rit, |)ower factor is sliglitly 
less than unity. A v(*(*tor diagram in tliree dimensions shows 
the relations l)etween C’urrt*nt, electromotive force* and |)ower 


factor. 
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Discussion on “ Distortion of Alternating-Current Wave 
Form Caused by Cyclic Variation in Resistance 
(Bedell and Mayer) New York, February 18, IJlo. 

Clayton H. Sharp: I 

t • 1 1 J *j,’ + 

his analysis a step further, and apply it to the condition of alter¬ 
nating-current operation of lamps. When that is done, a num¬ 
ber of other factors evidently enter which introd.uce_ considerable 
complication. As I understand the analysis which is given here. 
Fig. 1 represents what might be called the statical condition, 
that is, where the frequency of the alternating current is so low 
that the temperature changes have time to equalize themselves 
for each step, so that there is no temperature lag. In other 
words, it corresponds to what we should have if we_carried the 
filament through a cycle of steps and gave it sufficient time mt 
each step for the temperatures to become steady. In that case, 
a third harmonic is introduced into the fundamental sine wave, 
and the third harmonic is so phased as to cause the wave to 

flatten at the top. .. , ■ „ , 

Now, in the next curve, the condition corresponds to an alter¬ 
nating wave of a frequency sufficiently high so that the tempera¬ 
ture of the filament cannot reach its ultimate value for each value 
of power supplied to it. Hence there is a temperature lag 
throughout, the result of which is seen to be a lag of the third 
harmonic, the third harmonic remaining m phase mth the 
temperature of the filament. If the frequency is still 
increased, the lag of the third harmonic is also increased, and 

the width of the hysteresis loop is made greater. j- j- j- 

If the frequency is still further increased, the effect of 
tion or lopsidedness of the wave, due to the thermal lag in tne 
filament, will reach its maximum value for a given fiffiment at a 
given frequency. With very high frequency the cyclic changes 
in the filament temperature will be zero, practically, so that tne 

whole effect will disappear. + :hc. 

This effect depends upon the _diameter_ of the filament, ns 
thermal conductivity, the emissivity of its surfaces, and i s 
specific heat; hence its analysis must be quite complicated. 

A few years ago I presented an attempt to detect by oscii o- 
grams any shifting of the current wave with fcspcct to the vdit- 
age wave in a tungsten lamp. In order to make the effect gre^ 
—for what I was really looking after was power factor, which Un 
Bedell has shown to be small—I introduced not only the third 
harmonic, but also the fifth one, so as to get a very peaked wave 
with the idea that the changes in temperature would lag further 
behind the changes in electromotive force, if the electromotive 
force had very sudden changes due to its_ peaked character. 
By the use of a bridge method a certain difference was foun 
between the resistance with alternating current and direct cur- 
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rent, but the power factor came out so very near 100 per cent 
that I have never been sure of the exact value. 

C. Field-Frank: Professor Bedell has called attention only 
to those substances which obey what we may call Ohm’s law, 
that is to say, those substances where the instantaneous applica¬ 
tion of electromotive force results in a straight-line relation be¬ 
tween itself and the current which flows. A very interesting field 
is opened up, however, once we consider the conductivity of those 
substances which do not obey this straight-line law. We have 
this condition in any path containing a number of loose contacts, 
such as the common coherer. 

The study of conduction in a path containing an accumulation 
of particles is a very large field, in which a great deal of work 
has been done. I will take just a minute, however, briefly to in¬ 
dicate how nicely Professor Bedell’s ‘‘ hysteresis loop ” is brought 
forth in substances of this nature. Let us consider a coherer 
consisting of a glass or other insulating tube A, (see Fig, 1); 


Source of 

High Frequency E. M. F. 


< 

' ( 



A 






Fig. 1 



BB are metal electrodes, the space between which is filled 
with carefully assorted particles, C. Let us then apply a high- 
frequency electromotive force, of from 1500 to 12,000 cycles, 
when the relation between e.m.f. and current, /, will be shown 
by curve OAB^ Fig. 2, for both ascending and descending values. 
The equation of this curve is E =kl^, where n has been about 
0.3 for a large number of substances I have studied. If we 
gradually reduce the frequency, the descending curve B CO will 
vary from the ascending more and more, as shown in the figure, 
giving a perfect imitation of a “ hysteresis loop,” 

Where the return curve B CO is below the ascending, the ther¬ 
mal coefficient of electrical conductivity is, of course, negative. 
And this brings us to a case where we can get in practise some¬ 
thing which corresponds closely to Prof. Bedell’s Fig. 10. This 
is accomplished by mixing our particles, C, or by introducing two 
coherers in series, one containing particles having a negative 
temperature coefficient, such as carborundum; the other having 
a positive temperature coefficient, such as iron or nickel, or even, 
under some conditions, fnerely by introducing an ordinary iron 
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resistor in the circuit of the coherer having the negative tempera- 

The utility of «uch unusual combinations is surprising, and 
I do not doubt but that the near future will see several taken out 

of the laboratory for service. . ’ ^ 

L. W. Chubb: The study of distortion of current as a func¬ 
tion of resistance has been very interesting, but m most 
such distortions are more of scientific interest than of commercial 
value. Now and then, however, these cyclic variations cause 
<3.isturbances which are of importance and the governing aws 
and constants of the circuits and materials need careful considera¬ 
tion. Lightning arresters, both the electrolytic and resistance 
types, rectifiers with batteries, furnace resistors and circu t 
containing arcs are some of the things which ca.use such 4^®tur- 
bances and in which the apparent resistance is a function ot 

current, voltage or temperature. _ 

The authors call particular attention to the d.istortions 
current in the incandescent lamp due to cyclic variations of re¬ 
sistance as a function of temperature, and to the predomina g 

effect of the third harmonic. . .. • u.r 

Practically all of the energy of the lamp 
tion. Conduction and convection_ are negligible but thermal 
capacity has an appreciable effect in causing a temperature ag, 
even at the lowest commercial frequencies. Ify'''® assume t 
radiation to be proportional to the difference of the fourth pow p 
of the temperatures, the temperature coefficierit of resistance to 
be a constant, and a reasonable figure for the therinal capac ty, 
it can be shown mathematically from the differential equation of 
the lamp that when operated on a sine voltage, 
harmonic component will predominate m f ® ^ 

current. Whether this component alone causes the distortion 
is difficult to show mathematically. Experimental results, 
however, show the presence of other harmonics, but in smal 

^”with regard to the loops which the authors show at the right 
of each curve, I wish to add that since 

harmonic function the loop is easily resolved into_ Lissajous 
figures combining this voltage and the several harrnonic ®^^ 
at rieht angles The areas of these loops represent the reactive 
enerfy, and^imilar loops constructed by combining the Jsforted 
current and sine voltage with the voltage shifted 90 deg. will 
represent the true power expended. The use of such loops is a 
^fe?y efficient method of filing true power reactive power, 
and power factor where only the two waves of voltage and cur¬ 
rent are given and one of them is a ane wave. ^ 

It is not necessarily true that the fundamental component 
must lead' or lag when the distorting third lags or leads, unless 
there are no other harmonic components of current. The nega¬ 
tive ordinate of the lagging third harmonic 
zero may be offset by a resultant positive ordinate or sum of 
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cinlinates of harrminics aliovc the third. Recent experimental 
resull;:; witli 10 watt, lI0-\-olt lamiis on ti 25-cycle .sine wave 
V(4la,i,;e show that the fundatnenlal lead.ssli^ditly bnt not enou,t;li 
to offset as intich as Italf of tlie tlhrd harmonic ordinate when 
voltage is zero. I’piht Inirnionics occiirring in decreasing 
uinounis inake the enrrent. \v;i\'e xero wlien the voltage is 


4'A 


Charles R. Underhill: Wlten an e.m.f. is im])re,s.sed uiton a 
solid inelallic conductor wliich is non-inductively arranged, 
ail of tlie electrical em‘rg\- is con\-erted into heat; anotlier form 

lif energy. 

llie hi‘ai energy cein^iTied is |.>roport..ional to nuiss times 
tliiTereiieeiii iem|terti1:iire. wliic'li seeiri:^ to imliciite that tem|)era- 
Itire is-; |iro|iurtioria! to tlie ec]iiare of a^ velocity. Accxirdirig ^to 
llii* llii.:*ory i,>f lieat, tlie ’jiartieles of solid rmitler oscillate in im 
i'-fi^asing hirbil s as tJie tcnn|.H‘ra,lure increases, tiius causing exfian- 
sion of the l:iody heated, hi general, as the lioily exiiands. ^ihe 
resisti\diy incfixises; tdial is, tein|>eraliirc at t.hc hodv is a 
iiieasnre Vif its resistivit.y mid \dce^\-crsa. Volume resistivity is 
listially d 4 ‘iined as the resistance (in inicrohms)^ liet.wccn oppu- 
silt* faces tif a. eentiinetdT enhe uf tlic material. // m(iy (ilso 
la* ii^^fined as Hit uniform trass-setiicmal area in sq, cm. oj a 
pirre af Hm fmiicrial tthich, at one voU per cm. Icngtit 
vtlap heat at the rate tf mie watt per cm. length. 

in the elcclrotnagneiic system of nniis, resistance is a veloeity; 
in ilie elecirostat:ie svstt*m‘it is the reciprocal of a vekxnty, wliiie, 
in metals, at the absolute zero of temiieraUire resistuiu'c is 
assumed to disa]i|'H*ar entirely. In the^case ot am electric L.un|n 
tile enc*rgy is radiated away aliout as fast as^converted luid, m 
aliernaiiiig-ciirrcs'it sysimns, tli(.T<.‘ are cyclic cdiaiiges, in Jam 
resisiance of tlie filaments as st‘t lorth in tlie jiaiier, but, if it is 
assumed that all of tlie cha„drical energy api'died to tlie mass of 
tlii:* coriductior remains tlmre in tdielorinollicat,and is not radiated 
of coiiihicted awa\% it is remarkable how much eneig)^ can be 
storeil irg say* a mass of ten grams oi copper without materially 
iitcreasifig its volume, wlien ■ reckoned frtmo the alisolute %eiu of, 

I f'Oil i'ii''*t*at 11,1*1'*. 

Again referring to voluinc resistivity p, there are three general 
delinlt ions which’ refer to tlie spatial relations of the malenal; 
some fixed temperature being assumed. 'I’liey an,-, 

1. 7'lie resiskmce per on. length of a camludor p .sq. cm . in cnKs.s- 

sretum ix one ohm. . . 

2. In a perfedlv square sheet of conduding material p cm. thu k, 
' any tenth of edge, the resistance hetioeen any imo opposite 

>’,v •wiil ahvavs be one ohm. . , , 

;i In a cube of eondudmp. niaferkd p cm. per side, the resistanre 

' * A ■ * 

ween any two opposite fares i.s 





the above, tlie sheet 


lescrilied in (2) may l><: thought of a 

' .M M ,* ,1 




I',,* ^'1 


VS iUi 


lip to form a solid circular eondi,ictor which 
a resistance of one ohm. Its cross-section will he 
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equal to p X length, and will vary with variations in temperature 
when the length is kept constant. 

M. G. Lloyd (by letter): The authors have shown the rela¬ 
tion between pulsating resistance and current, assuming sinu¬ 
soidal e.m.f. This condition occurs especially in incandescent 
lamps, the magnitude of the effect increasing as the frequency 
is lowered and the filament made thinner. It is of interest to 
consider also the relation of power to resistance under such 
circumstances. 

In a paper presented at the Minneapolis raeeting of the Ameri¬ 
can Association for the Advancement of Science* I showed that 
where there is no lag of temperature (and hence resistance) 
behind current (as in Figs. 1 and 4) the power is greater for a 
negative temperature coefficient of resistance (Fig. 4) and less 
for a positive coefficient (Fig. 1) than for continuous current. 
This assumes the same effective value of voltage in both cases. 
The effect is a maximum for no lag of the temperature, and 
decreases as the lag increases, until for a lag of a quarter cycle it 

becomes zero. ^ , i 

The candle power of an incandescent lamp is, however, always 

greater for alternating than for continuous cnxrent, whether the 
filament be of carbon or tungsten. The efEect is negligibly small 
under most conditions, but becomes appreciable in a io-watt, 
116-volt tungsten lamp operated at 25 cycles, where it was 
found to be 1.6 per cent. With thicker filaments and higher fre¬ 
quencies the effect is of course less. 

Frederick Bedell; This work was approached from the stand¬ 
point of alternating-current theory In ® 

the pleasure of presenting before 
certain conclusions that are applicable to 

rircuits in which the resistance, self-induction and capaciti, 

are constant. This limitation has stared us in 

and for some time I have been endeavoring to see what could be 

done with reference to , Tuttlp the Question of 

Tn a nrevious paper, by Bedell and Tuttle, tne question ui 

hvateresis of iron and variable inductance has been considered, 

S^fhc fart was brought out that the variation there considered 

'hrinS in SeXminLtly a third harmonic. This investigation 

withrefetLce to a varyinE IhaTtee £ a 

and, as Mr. Taylor has ernphasized, harmonic The 

physical reason vky large, scarcely affecting 

numerical i Jquations^and diagrams as hitherto 

the practical results of o 5,. • . is worth while. It was to 
used; that conclusion alo > modifications should be intro- 
point out particularly just^hat “°^bfinakeit exact, that 
duced in our previous treatment, in order to maK 

this iy,^tiEation ^ p,,, . 

* Electrical Review and Western Electrician, Vol. 68, p. 94, Jan. 14, 1911. 
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of the fundamental of current would be modified by any harmonic 
higher than the fifth. .Several of the speakers have indicated 
the possibility of making the investigations more extended^ and 
general—Dr. Sharp and Mr. Chubb by considering the emissivity 
and radiation constants; and Mr. Field-Frank by considering 
that the resistance does not necessarily follow Ohm’s law, as 
considered in this paper. 



Presented at the 3d Midwinter Convention of 
the American Institute of Electrical Engineers, 
New York, February 18, 1915, under the aus- 
pices of the Electric Lighting Committee. 


Copyright 1915. By A. I. E. B. 


DIMMERS FOR TUNGSTEN LAMPS 

BY ALFRED E. WALLER 


Abstract of Paper 

The 

dS'^fofth. 

do not give smooth and flicker - g temperature 

equal loads of tungsten lamps. fjiaTrients that of the carbon 

coefficient of resistance of fi}?;XnestSamen^^^ posi- 

filaments being negative, and that of the tungsten mamenv p 

‘'^Curves are shown to indicate the change “ 

and candle power for various “Pf^hown In older to 

carbon and P ^ ^ 

bring out the contrast, and a method is 

the resistance per step and number or p 

brienldicatffin of commercial requirements 
in dimmer design. __ 

/^NE OF the changes brought about by the introduction 
O of tungsten lamps has been a complete rede^gn of the 
apparatus used for lamp dimming m theatrical work. 

At the time when tungsten lamps first came int S 
use the design of theater dimmers for carbon 
fairly well standardized. A rheostat with 50 steps of ^es ®ta , 
andl taper of approximately 5 to 1 in 

been found entirely adequate and satisfactory, and this de g 

was practically universal. j -nrhirh 

The controllers, or dimmers, to use the trade na , 
were built to regulate the illumination of carbon lamps were 
found unsatisfactory, however, when the carbon lamp 
replaced by lamps having metallic filaments such tungstem 

Metallic filaments have a positive 

resistance, while carbon filaments have a nega i ^ 

coefficient of resistance. For instance, i 

filaments of the same resistance, one of ^ 

tungsten, and raise them to incandescence the tungsten ffia 

ment at its full incandescence will have thirty-five ti 
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resistance of the carl)on filainent at its full incandescence. 
On account of this disparit^u the control of tun|:^;sten lamps by 
dimmers desi^^ned for cartoon lamps was uneven, h^l 
flickered eonsideral,)! 




•al,)h% and in sc 

nne c 

fTects otdainec.l 

in tl 


cmni'iaTtsc 


resistance eharaeteristics of the carbon 
and tUTU5:sten filaments in a.ctual operating conditions served 

reason for tJiis diflicatlty, and it is by reviewing 



4 « -a u> zvt M m jz m m 

Ido. I 


tl'iis comparison tliat t 


era mav l:>c mrist rc^; 






,^The curves slu'iwn in Figs. 1 and 2 were |,>lottt’d from a 
of rcaidings ol)tainc‘d !':>y varying thc^ potential, at the ienninals 
of .a test ]ani|.:i, in two-volt. st<,.‘ps from zero to I2fl volts, and 
recording tin* am|..H;*rc"‘S fl(.nvin.g anil candle |..K:nrer emitted .at 
each step. Tlie lamps used were a 40 -watt tungsteig t 
lOO-watt carl::H.ni fllamcmt lami'), l.'.joth rated at 1.10 volts 
were selected because their candle power a 




ttif* 
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practically the same, and an opportunity is thus afforded to 
compare the diminers required for controlling installations of 
either type having approximately the same total candle power. 

The design of a dimmer for carbon lamps* is a comparatively 
simple matter. It will be noted that curve -d, Pig. 2, which is 
that of a carbon lamp, has very little inclination between the 
lO^watt and 100-watt abscissas. This indicates that there is 
little change in resistance of the carbon filament between 
these points, which represent approximately the practical work¬ 
ing range of the lamp. In order that the lamps when in use 
may be totally extinguished without opening the circuit, it is 
customary to build the dimmer with enough resistance to re¬ 
duce the input somewhat below 10 watts, or, in the ease of this 
particular lamp, to approximately 6 watts. At this input, which 



10 20 30 40 50 60 70 80 90 100 

LAMP POWER IN WATTS 


• Tig. 2.. 

is attained at 28 volts, the filament is at visible red’—that is, 
it may be distinguished as a faint red line, if kept in a perfectly 
dark room. Not until the applied voltage is 48 volts dp we 
obtain one-tenth of one candle power. 

The calculation of the resistance per step of a dimmer for 
this type of lamp would be similar to the computation of a 
generator field rheostat, or any other controller designed for 
operation in series with a substantially constant resistance across 
a constant supply voltage. The full rated current of the lamp 
is 0,9 ampere, the minimum to which we will reduce this by 
means of the rheostat, 0.18, the line potential 110 volts, and the 
working resistance of the lamp 122 ohms approximately. 

At the mininiuni current of 0.18 . ampere the lamp resistance 
is actually 138 ohms, but the increase in resistance takes place 
after the lamp has, so to speak, ceased to exist as an illumi- 
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nant, and for this reason, in designing, it is convenient and 
entirely satisfactory to assume the resistance as constant at 
122 ohms. The only effect which this assumption has on the 
design is to increase the resistance of the rheostat slightly be¬ 
yond what is absolutely necessary, thus permitting the dim¬ 
ming out” mentioned in a previous paragraph. It may be 
noted at this point that dimming to visible red is not usually 
necessary. The general requirement is met by a dimmer which 
will reduce the illumination to a point where it is no longer 
perceptible on the stage. 

A typical data card of a carbon filament dimmer is reproduced 
in Fig. 3. The steps of resistance are divided into groups, as 
will be noted, for convenience in manufacture. This does not 
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Fig. 3 


in any way alter the correct operation of the dimmers, if the 
steps are calculated one at a time it will be found that those 
adjacent vary by amounts too small to be taken into account 
in this kind of work. The change in resistance per step when 
we proceed from one group of steps to the next becomes in¬ 
significant if we compare the resistance of the step with the 
total amount of resistance then in circuit. 

In preparing a card such as is shown in Fig. 3 it is assumed 
that as each group of steps is cut into circuit it will reduce the 
current by 1 /nth of its normal value, where the number of groups 
is n. By calculating the total ohms in circuit at each required 
curretit, and subtracting each total amount from the value 
succeeding, the resistance of each group of steps is obtained* 

It is interesting to note that the negative temperature co- 
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efficient of a carbon filament produces a change of resistance 
which supplements the action of the dimmer, whether the light 
is being raised or lowered. For instance, let us assume that 
the carbon filament lamp is burning at half normal candle 
power and is to be dimmed still lower. If another step of the 
rheostat resistance is cut into circuit, the current flowing will 
be reduced, the filament will at once become cooler and will 
increase in resistance, this increase causing a further slight 
decrease in the current. Conversely, when any portion of 
the rheostat is cut out of circuit we have an increase in current 
which raises the temperature of the filament, and the corre¬ 
sponding decrease in its resistance allows a slightly greater cur¬ 
rent to pass, just as if another step of the rheostat were cut 
out of circuit. In this manner, the carbon filament acts to 
assist the dimmer, step by step through the entire range of 
control. Of course this action is very slight through most of 
the range, for the lamp resistance remains practically constant, 
as already demonstrated. 

In striking contrast with this is the tungsten lamp, which 
opposes every attempt at control, and must be regulated by 
much finer divisions of resistance to get flickerless dimming. 
As in the case of the carbon lamp, let us assume half normal 
candle power and cut additional resistance into circuit to 
obtain less illumination. 

At 110 volts this tungsten lamp gives 36 candle power, and 
the 18-candle power mark is reached with 91 volts impressed, 
and 0.317 ampere flowing. (See curves J5 and C, Pig. 1). 
The lamp resistance at this candle power is therefore 287 ohms. 
The rheostat resistance in series to give this condition on a 
110-volt line is obviously 19 0.317 ^ 60 ohms. If the re¬ 

sistance of the lamp filament remained constant, we could reach 
quarter normal candle power by inserting 39 ohms additional 
in circuit, or a total rheostat resistance of 99 ohms. These 
data are taken from curves B and C, Pig. 1, where it will be noted 
that nine candle power is emitted at 76 volts with 0.286 ampere 
flowing. As a matter of fact, however, the lamp resistance 
at quarter normal candle power is 266 ohms, so that the total 
rheostat resistance at this point must be 120 ohms instead of 
99, Or approximately a 60 per cent greater increase than that 
which would be necessary with a filament of constant resistance. 

In the same way, when resistance is cut out of circuit, in order 
to raise the candle power, it must be reduced at a rate which 
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will compensate for the increase of the resistance of the tungsten 
filament with increavsing temperature. 

The shape of curve B, Fig. 2, indicates that the tungsten 
filament changes in resistance throughout the entire working 
range of the lamp, and, furthennore, that the rate of this change 
is not constant. Curve B, Fig. 2, shows this more clearly than 
curve C, Fig. 1. The last-mentioned curve resembles some¬ 
what the parabola = 4: p y, but does not coincide with it. 

Evidently, when designing a dimmer for controlling this 
lamp, we shall not be able to assume a constant value for the 
lamp resistance, as in the previous case. 

It would be possible, no doubt, to work out the equation of 
the curve, and make some interesting deductions by means of 
it, but by far the most convenient method is to obtain various 
values of resistance from curve C, Fig. 1. By calculating the 
resistance required in series with the lamp at various voltages, 
the correct resistance for each group and step is readily obtained. 

The marked contrast between this lamp and the carbon 
filament type is more than ever noticeable when we compare 
curve Bj Fig. 2, with curve Fig. 2. The resistance of the 
tungsten filament at full incandescence is approximately 16.5 
times its cold resistance, while that of the carbon filament at full 
incandescence is about one-half of its cold resistance. The one- 
tenth of one candle power mark is reached at 48 volts for the 
carbon filament, and 28 volts for the tungsten filament. The 
tungsten filament may be made visible red with 10 volts, while 
18 volts are required for the carbon filament. 

Now, if we assume a constant line voltage of 110 volts, and 
a dimmer in series with our lamp, we may obtain from curve C, 
Fig. 1, the amperes flowing when different proportions of the 
line volts are dropped on the rheostat. Tabulating the results 
thus obtained we have: 


Volts 
on lamp. 

Volts 
on rheo. 

Amperes. 

Total 
rheo. resis. 

Increment 
of resis. 

Per cent of 
total resistance. 

110 

0 

0.355 

0 



100 


0.335 

29.9 

29.9 

2.54 

90 

20 

0.315 

63.5 

33.6 

2.86 

80 

30 

0.295 

102.0 

38.5 

3.28 

70 

40 

0.272 

147.0 

45.0 

3.82 

60 

50 

0.247 

202.0 

55.0 

4.68 

60 

60 

0.222 

270.0 

68.0 

5.79 

40 

70 

0.194 

360.0 

90.0 

7.65 

30 

80 

0.165 

485.0 

125.0 

10.63 

20 

90 

0,127 

709.0 

224.0 

19.06 

10 

100 

0,086 

1175.0 

466.0 

39.60 
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After the characteristics of a suitable rheostat had been 
obtained as above, considerable experimenting was found neces¬ 
sary in order to determine how many steps or subdivisions 
there should be to a group. Some eyes are more susceptible 
than others to changes in the intensity of light, and in nearly 
every case the color and form of the illuminated objects, or the 
background, will make an appreciable difference. To cover 
this point thoroughly, a large number of tests was made be¬ 
fore a group of witnesses who independently recorded their 
observations. In the first rheostat constructed, each of the 
ten groups or increments in the table was divided into 15 steps, 
this rheostat was compared, and tested with one having a total 
of 130 steps, another with 120 steps, another with 110 and a 
fifth with 100 steps. This last rheostat gave very satisfactory 


,Mnn 

Customer..^ 


.ShooK 


Size. 


rr 


.0hr,i5.J_LL£. 



nn linp but it was not considered ad%'isable 
control on a 110-volt line, du could 

to use a lower number of steps, as several of the iMtnes.es co 
detect a slight flicker at certain parts of the -nge when 90 
stops were used It wdl be tem.mb«ed 

filament begins to glow at 1 ' • 4 .t,p.p tt-ill be 110-10 = 

to cut down the line volts to this point, there will be ^ 

1 no 1+c imnressed unon it, or in other ivords, a prop 

100 vol p recrulate to approximately one 

signed 100-step dimmer will regmare pf 

Xpet step tLu.bo„t tbe 

It is not —on, b^wev„ to find 

rd:si":S^ ^riotinps each oi U steps, or HO steps 

total. The values are given in ig , a circular 

The mechanical design was accomplished b> ^ 
ine mecu^ii j-„Tp 4 -p,,. with two concentnc roiis oi con 
plate 17 inches m diameter, witn wo 
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tacts as shown in Fig. 5. The contact shoes mounted on the 
rheostat arm or lever must be noiseless and very smooth run¬ 
ning, for flickering of the lights may be produced by uneven 
contact. Ease of mechanical movement is essential in work 
of this kiird, for the most carefully designed rheostat will not 
give satisfactory control if the contacts bind or stick, and the 
contact arm jerks from point to point as the control lever is 


moved over. 

In most theater installations the dimmers are placed at the 
top of the switchboard, and, as the number of circuits con¬ 
trolled is sometimes quite large, the size of plate is very import¬ 
ant. These 110-stcp plates may be mounted four indies apart 
and compare favorably in dimensions with the dimmers for 
carbon lamps which they arc designed to replace. l)innner.s 
for carbon lamps are suiiplied by well-known manufacturers 
in 18-in. diameter size, and also in rectangular plates 15 by 
24 in. and 14 by 14 in. 

It will be noted in Fig. 5, which shows a modern type 
dimmer installation, for control of tungsten laniiis, that eat 
plate has an individual handle. These all interlock a 
with cams on the shaft which supports them, and it is iiossilde 
by means of the master levers to operate any ntimbcr or all of 
the plates in unison. The control handles of the bank of 
dimmers shown in the illrntration are mounted on a wotalcn 
ate for shipment. When the apparaUi,s is installed < 


of a theater switchboard, the bearings of the oper. 
are transferred to the top of the switchboard slate, 
a convenient and accessible arrangement. 


’itr « 
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Discussion ON “Dimmers for Tungsten Lamps” (Waller') 
New "Vork, February 18 , 1915 . ’ 

Leonard Kebler: In Mr. Waller’s paper, he refers to the 
necessity of the contact shoes moving smoothly over the con¬ 
tacts, and also to the necessity for having easy mechanical 
movement. In designing a dimmer to get proper change in 
theater lighting, the first requisite is the proper proportio nin g 
of the resistance, as described by Mr. Waller. After this is done, 
the mechanism that actuates the resistance contro lling arm, and 
the friction between the moving arm and the stationary contact, 
pivots, etc., must be such that the arm can be moved over the 
contact evenly with a minimum of effort on the part of the 
operator. 

_ If_this mechanism is so made that under operating conditions 
it sticks until undue force is exerted to move it, the arm will 
j^k oyer several contacts and produce the uneven gradation or 
flickering of light that we are trying to eliminate. This is espe¬ 
cially true in theater dimmer mechanism, which is usually installed 
back of or on top of a switchboard where it is not readily cleaned 
or oiled, and consequently becomes dirty and even may become 
clogged by dirt or dust if not properly designed. Poor contact 
between the stationary and moving contacts may also cause flick¬ 
ering, and must be 'guarded against. On account of the lack of 
lubricatipn encountered in practise, it becomes desirable that 
the rubbing surfaces of the movable and stationary contacts shall 
be of dissimilar metals. Such dissimilar metals as brass and 
copper are useful for this purpose. 

The spring pressure that presses the movable contact against 
the stationary contact should be such that dirt, [etc., shall not 
catch or retard the movement of the moving arm and s ha ll not, 
in practise, lift the moving contact member off the stationary 
parts. A form of shoe known as “ skate shoe ” eliminates these 
troubles. This shoe is a block of copper pressed against the 
brass stationary contact by means of two independent spring 
plungers, located at the two ends of the shoe in the line of travel. 
'The shoe has rounded ends so that it readily slides over obstruc¬ 
tions. A copper cable sweated into the shoe and the moving 

arm carries the current to the arm. 

_ Such a “ skate shoe ” may have one end lifted an eighth of an 
inch or more off the contact while the other end still makes good 
clcctficdl coimection. It will trs^vcl over any dirt or roughness 
with the minimum effort applied to move it. At the same time, 
it is comparatively inexpensive. 

The bearing on which the contact lever turns should be long 
and sturdy, and here again two dissimilar metals for the two 
bearing surfaces are desirable, so that rust, dirt, or lack of lubri¬ 
cation shall have the minimum effect. 

Another important feature is the mechanical connection be- 
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tween the hand-operated arm and the resistance controlling arm. 
There must be no lost motion in this. It should not need lubri¬ 
cation, and dirt or dust should not clog it or injure its free action 

in any way. ^ ... 

I should say that a proper theater diminer specification might 
well say: The sliding contact and the driving mechanism must 

be such that dirt, dust and lack of lubrication, such as is met 
with in practise, shall not prevent the smooth movement of the 
sliding contact over the stationary contact, with a practically 
equal pressure on the operating handle over the complete arc of 
travel ^ ^ 

Charles D. Knight: The table in the paper giving a total 
resistance of 1175 ohms indicates that approximately four times 
the hot tungsten lamp resistance is utilized to dim the lamp to a 
visible red lament. As there would then be a drop of ten volts 
across the lamp, the dimmer would, of course, absorb 100 volts 
when used on a llO-volt circuit. 

Further on it is brought out that 100 steps of one volt per 
step give satisfactory regulation, although because some cir¬ 
cuits might be 120 instead of 110 volts, 110 steps are included 
in the dimmer. The assumption would be that on 120 volts 
somewhat more resistance would be required than on 110 volts 
to reach the same dimming point, and therefore, the additional 
steps would be logical. However, from the table on the same 
page, which shows the subdivisions for 110 steps, the original 
total resistance of 1175 ohms is maintained. This is not quite 
clear, as it would seem to indicate simply finer regulation when 
divided among 110 steps rather than taking care of any increased 
drop, which would be the case at 120 volts. It would seem as 
though nearer 1400 ohms would be desirable to take care of 120- 
volt lines. 

In most instances a dull red filament gives sufficiently low 
dimming. However, we have noticed that when several borders 
were running at just visible red filament for each individual 
lamp, considerable light is diffused, making objects on the stage 
discernible from the front of the auditorium. 

It is desirable at times in obtaining the most realistic effects 
that the first appearance of light on the stage should not be 
discernible to the audience. This means that the dimmer must 
control the lamps from full light to black filament. This is 
accomplished by including in the dimmer approximately five 
times the-hot resistance of the lamp, or in the case of a 40-watt 
llO-volt tungsten lamp, 1600 ohms. To take care of 120-volt 
circuits a series resistance of about 1750 ohms is necessary. 

We agree that 100 divisions of resistance will give the proper 
regulation of tungsten lamps, and that any number below this 
is prohibitive. Without trespassing greatly upon the value of 
the figures given, we believe that 100 divisions with approxi¬ 
mately equal volts per step will give satisfactory regulation from 
5 to 110 volts on the lamp, and with a 120-volt circuit, the addi- 
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tional drop per step is so, small as to not be discernible in the 
dimming of the lamp. 

John B. Taylor: Has this figure of one volt per step been deter- 
nained in any manner other than building a rheostat^ and seeing 
that it works? A more exact way would be to see if one volt 
between 100 and 99, produced more visible, effect than one 
volt between 10 and 11—one volt between 10 and 11 is ten per 
cent, but naturally, as the filament colder it cools down more 
slowly and the percentage change may be greater. It is in¬ 
teresting to know if any work has been done trying one volt 
at 100 volts, 75 volts and 50 volts, to see if the one-volt step is 

the best curve to meet the requirements. ivr 

Comfort A. Adams: I might suggest in answer to Mr. lay- 
lor*s question, that it does not necessarily follow that the grada¬ 
tion of resistance should be that which would give an absolutely 
uniform rate of change of illumination. The rate of change of 
illumination may be different in different parts of the 
and. still give the desired effect. ' In fact, I should think that 
the desirable increase in illumination would be very much 
smaller in the earlier stages of the change than later. ^ ^ 

W. S. Franklin: According to a well-known principle m the 
psychology of the senses each step in candle power of a dimming 
lamp should be in proportion to the actual candle power of the 
lamp at that stage of the dimming process in order to get the 
maximum smoothness with a given number of steps; or in other 
words, the successive candle powers of the dimming lamp should 
constitute a decreasing geometrical progression. ^ 

It seems to me that the best way to design the steps of the 
dimming rheostat would be to take two lamps, side by side, each 
with a continuously adjustable rheostat in series with it. Begin¬ 
ning with both lamps at the maximum of brightness,^ d^^ one 
lamp until you can just barely perceive the difference in bright¬ 
ness, then dim the other lamp until it is just perceptibily dimmer 
than the first, and so on. Thus you get a series of proper steps. 

H. Ward Leonard: I did not intend to make any comment on 
this paper. The only thing I could suggest in connection with 
the remarks which have been made as to the best design of dim- 
mJr rSat commercial considerations make it desirable, if 
possible, to have the dimmer very compact. The best way to 
get the minimum size in handling a certain duty, is to try to^ so 
arrange the constituents that each particular step when working 
at its maximum duty shall be producing a number of watts which 
shall be constant for each of the steps under that maximum con¬ 
dition. That is to say, you can make the plate much smaller and 
avoid undue heating of some steps, or improper cooling, as you 
might say, on other steps, if the maximum watts per step are 
made constant when that step is operating at its maximum duty. 
That is a consideration of great importance, because ^ in 
theater dimmers the question of space is of very controlling im¬ 
portance in many instances. 
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It is rather interesting to recall the historical side of the sub¬ 
ject. As far as I know, the first interlocking dimmer used 
in a theater was the one that I installed in Chicago, in 
1885, that is just thirty years ago. In those days the dimmers 
were large boxes of iron wire for the coils, and with a very large 
- switch, composed of a number of different plates with the con¬ 
tacts so arranged that various combinations were obtainable. 
The dimensions of that theater dimmer, which was installed in 
McVicker’s Theater, in’Chicago, I think were probably at least 
twenty times what would be necessary today; and that is of quite 
a great deal of importance in the available space that a theater 
stage represents. 

It was necessary under the conditions at that time to mount 
the coils overhead and have various tooth gears and clutches 
for securing the interlocking arrangements; but the plate form 
of rheostat, which is practically universal today, and which has 
the switching features and the resistance features combined in 
one plate and these plates arranged in bank, has resulted in an 
extreme reduction of the dimensions. The various devices for 
interlocking have also in the course of years been made much more 
compact and require very much less effort to operate them than 
was formerly the case. 

Alfred E. Waller: I have been much interested to note that 
in the course of this discussion several points have been brought 
out that occasioned a good deal of thinking when the design 
of this dimmer was originally under consideration. The problem 
is one which is rather embarrassing, if you try to attack it from 
the purely theoretical standpoint. In his address last night, 
Dr. Humphreys said that all electrical engineering problems could 
not be satisfactorily solved.by mathematics alone; and this, I 
believe, is one of them. I think, very naturally, the tendency 
of every engineer is to try to figure it out; but this problem 
involves a variable, namely, the eyes of observers. A suggestion 
was made that possibly good results might be obtained by placing 
two lamps side by side and dimming one, so that it was always 
slightly dimmer than the other, and regulating the steps of the 
rheostat in that way. That was tried, but it was found very 
difficult, particularly where the lamp was near full candle power; 
because if you start two lamps at full candle power and dim one 
until you can notice it, you will find if you place these lamps out 
of sight and regulate the voltage across them in such a way that 
a corresponding change in illumination is obtained, throwing the 
light on a background to eliminate dazzle, that you will be able 
to see the flicker. 

One way in which the one volt difference was arbitrarily fixed, 
was to connect a lamp in a circuit, the potential of which could 
be varied one volt up and down with great rapidity, or, in fact, 
any number of cycles per second. We found when that change 
was a one-volt change, that the change in illumination was imper¬ 
ceptible; but when we began to increase that change in potential 
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across the lamp, we got an effect that was comparable to that which 
is obtained when you connect a tungsten lamp on a 25-cycle 
circuit. We had to limit ourselves in studying the changes of 
illumination to the maximum allowable change, of illumi¬ 
nation and the effect of this change of illumination on a 
background,^ and we selected a number of backgrounds. This 
method eliminates the dazzle, and gives better results than direct 
inspection of the filaments. 

It is easy to see, if you look at the curve, that the rate of change 
of illumination varies, if the dimmer contact aim travels at a 
constant speed; because one volt at a certain part of that range 
will give us a greater change in candle power than it will at other 
parts of the range. This in practise is not noticed at all, be¬ 
cause hand-operated dimmers in particular are generally moved 
just enough to get a certain effect. If a man wishes to change 
the candle power at a constant rate, as for instance, in a sunrise 
effect, it would be necessary to move the dimmer contact arm 
a little bit slower during the first part of the range than during 
the latter part. 

I fully agree with Mr. Knight that less than 100 steps is not 
advisable in a dimmer of this type. 
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SEARCHLIGHTS 


BY C. S. MCDOWELL 


Abstract of Paper 

Searchlights have remained practically the same for the past 
25 years, although there is great necessity of an improved search¬ 
light on account of the increased range of torpedoes and in¬ 
creased speed of torpedo boats. 

The constituent parts of a searchlight are given in the paper 
and some of the essential and desirable features of the various 
parts are shown. Methods of testing searchlight mirrors are 

given, with illustrative figures. , . 

The results of tests conducted on Navy standard 36-in. and 
60-in. searchlights and Beck 44-in.^ searchlight show the latter 
type to be much more efficient in illuminating distant objects. 
Relative results are shown in the figures. 


S earchlights were first used during the Civil War in 
a, very crude state j these first searchlights were fitted 
with metal mirrors. Later, Fresnel lenses were used to con¬ 
centrate the beam. In 1876, the Mangin type of mirror was 
first brought out and in 1886, Schuckert, in Nuremburg, suc¬ 
ceeded in producing a glass parabolic mirror ground to mathe¬ 
matical accuracy. Practically no changes have been inade 
since that time to increase the efficiency of the searchlight, 
some mechanical improvements have been made, and methods 
of manufacture of carbons perfected, but practically the ordinary 
searchlight of to-day is the same as that of 25 years ago. 

In view of the increasing speed of torpedo boat destroyers 
and the increased range of torpedoes, it is very important that 
the searohlight, one of the principal means of defence against 
night attack, should be improved if possible. There has lately 
been developed by Mr. Heinrich Beck of Germany a new type 
of searchlight much more efficient than those now in use, which 

is described 9/ little l3<ter ixi tins p9»pci*. 

In considering the question of searchlights and their relative 

efficiencies, it becomes natural to consider them as made up of 
the following constituent parts: 

363 
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1. Searchlight drum, pedestal, system of control in azi¬ 
muth and in elevation, shutters and other purely mechanical 

details. 

2. Rheostats. 

3. Searchlight mirror. 

4. Lamp mechanism. 

5. Searchlight arc. 

One type of searchlight may show increased efficiency over 
another because some of these parts have been worked out to 
give the very best results, but a searchlight to give the very 
best results must have all these details worked out separately 
and then joined together in the proper relation to give the 
maximum efficiencies. 

Searchlight drum and other mechanical details are questions 
of design which affect the efficiency of the light very little. 
They should be worked out carefully, however, so that the 
searchlight is properly balanced, may be easily trained in azi¬ 
muth and elevation from a distant control station or at the light 
itself. The drum should be so made that air currents cannot 
be set up inside, thereby causing flickering of the arc; ventila¬ 
tion should be sufficient so that light may be kept on at full 
intensity with shutter closed, or other means adopted for keep¬ 
ing the light burning at lower intensities with shutter closed 
and bringing it to full intensity instantly upon opening of shutter. 
It is also considered advantageous to have a permanent am¬ 
meter and voltmeter mounted on the searchlight drum, or a 
connection on it so that portable instruments can be connected. 
A ground-glass finder which shows the position, of the arc, the 
arc length, and the variations of the positive crater from the 
focus of the mirror is considered an essential in a properly de¬ 
signed searchlight. The mirror should be so secured that it 
may be readily removed and the mirror and front door strips 
should be mounted in such a manner as to eliminate shock 
and breakage. 

The rheostat used in connection with searchlights consistis 
of two parts: a fixed and a variable resistance. A certain amount 
of fixed resistance is necessary to overcome the natural insta¬ 
bility of a carbon arc and its value must be at least sufficient 
to give a voltage drop in the resistance equal to one-half the 
arc stream voltage. The variable resistance is necessary in 
order to obtain the proper arc voltages for various carbons 
and various lengths of line. The resistance elements must 
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placed, back of tlie bole in the center of the screen. If both 
surfaces of the mirror are properly ground the lines in the photo¬ 
graph should be regular but not necessarily straight nor parallel. 
This test does not show if the mirror is parabolic or not. 

An illustration of a mirror showing this test is given in Fig. 1. 

(6) The Sun or Zone Test, A perfect mirror should reflect 
rays from a point of light situated at its focus, in parallel straight 
lines. It must, therefore, also have the property of bringing 
a parallel beam of light, as from the sun, to a focus in a single 
point. This as made, consists in placing the mirrors in a plane 
perpendicular to the sun’s rays and photographing the re¬ 
flected focal point, brought out in contrast by blowing smoke 
on it. 

An illustration of this test is shown in Fig. 2. 

{c) Beam Photometric Tests. It is considered that the most 
reliable test of mirrors is actually to mount them in a search¬ 
light, place a constant source of light in the focus, and at a 
standard distance measure the actual foot-candles of illumi¬ 
nation throughout the entire beam. The focal point of a 
mirror to be tested is first accurately obtained (our method 
being to place two mirrors exactly parallel with each other 
about 30 ft. apart and place a concentrated filament lamp 
approximately at the focal point of the second and measure 
accurately the focal length of the first); the mirror under 
test is then mounted in a searchlight frame held in a 
fixed position, a concentrated filament lamp placed accurately 
in the focus (a 50-watt lamp is used) and at a standard distance 
measure the foot-candles by a portable photometer. These 
foot-candle readings are usually obtained every four inches 
across the beam on two lines perpendicular to each other and 
passing through the center. For the larger size mirrors 200 
feet has been taken as the standard distance. Curves obtained 
in this test are shown in. Fig. 3. 

By calculating the amount of light flux falling on the mirror 
and that received on the distant object the losses in the mirror 
may be found and the coefficient of reflection obtained. 

In a number of cases, mirrors which showed nearly perfect 
grinding and sharp focal point, as determined by the first two 
tests, were found on this third test to reflect less light than 
other mirrors which had shown much poorer results on the 
screen and zone tests. . 

The lamp mechanism of a searchlight should be such as to 
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keep the crater of the positive carbon at the focus of the mirror, 
should keep the arc length that which is desired, should carry 
the current of the carbons, should contain mechanism for ro¬ 
tating at least the positive carbons, should be sufficiently rigid 
to keep the carbons in proper alignment, and should require 
little care and adjustment. 

An illustration of the Beck lamp mechanism is shown in Fig. 4. 
Both carbons are rotated for the purpose of keeping surfaces 
bathed in the inert gas and to keep the arc central and thus 
promote evenness of burning. The positive holder is fixed, 
the carbon being fed through it at such a rate that the crater 
is always maintained at the focus of the mirror; the rate of 
feed is controlled automatically, a small mirror being placed 



3—Concentrated Filament Lamp Test of the Navy Stand¬ 
ard 36-in. Searchlight Mirror Taken in Foot-Candles at a Distance 
OF 200 ft.—50-watt, 6-volt, Concentrated Filament Lamp Used 

in the drum which, when the carbon feeds too. slowly, reflects 
a small beam on a thermocouple, and closes a relay circuit 
which by means of a solenoid quickens the feed. When the 
carbon is back in focus the small beam of light is off the thenno- 
couple and the feed is slowed down. In addition, the feed may 
be controlled by hand. The negative carbon feeds through 
the negative holder in a similar manner, except that the control 
is bv hand. The negative holder is also fixed except when 
string the arc, when it is moved up by a striking motor.^ 
During tests recently conducted on searchlights, the Beck 
lamp mechanism functioned very satisfactoihy; variation of 
the crater of the positive carbon from the focus was about 
1 mm. (hardly noticeable) and the arc length was kept practically 
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coiis 1 j 3 .iit. No ‘troti-blG in nmintnining the nre wns cxporicnccd. 
while rotating both carbons, the crater of the positive carbon re¬ 
mained even and there was no noticeable hissing and jumping of 
the arc. On the other hand, while the standard motor-controlled 
lamp mechanism fiinctioned successfully, maintaining practically 
a constant voltage, the arc length did not remain constant and 
the positive crater did not remain at the focus, due to the im¬ 
practicability of constructing positive and negative carbons 
which will be consumed at a certain given ratio. Also the 
positive crater tended to wander over the surface of the positive 
carbon with the result that one side would project and the other 
recede, causing a hissing arc and making it necessary, in order • 
to obtain any consistent results, to shut off the light and turn 
the positive carbon by hand about every 15 or 20 minutes. 

We now come to the arc, probably the most important part 
of the searchlight and also the one least understood. There 
have been numerous treatises written on the arc, but it has been 
always discussed from the general illuminating side and with¬ 
out much consideration of its uses for searchlights. Para¬ 
graphs have been written in some illuminating treatises on the 
searchlight arc, but it has in general been given scant attention. 
This is probably more or less natural, for the authors of these 
books were not especially interested in searchlights, and, as 
a rule, had had very little experience with the subject. 

The desired searchlight arc should excel in the following 
particulars: 

1. Small positive carbons with high current densities and 
thus high crater temperature throughout crater area, which 
gives high intrinsic brilliancy. Intrinsic brilliancy is the lumin¬ 
ous intensity per unit area. 

2. Small negative carbons. 

3. Long arc length, that is, distance between positive crater 
and ^negative point. 

4. Uniform mixture of carbon so as to help the evenness 
of burning. 

The Beck searchlight may be considered as being especially 
designed to meet the above requirements and therein lies its 
marked superiority over the searchlights now in use. 

In a searchlight the angle of dispersion is directly dependent 
on the diameter of the source of illumination, provided the 
focal length is constant, and if the diameter of the source could 
be decreased one-half while the candle power remains constant, 
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the intensity of light on the target would be quadrupled. Ac¬ 
tually, in the Beck light, the positive carbon is reduced one-half 


and at the same time the candle power is increased so that 
greater efficiencies are obtained. 

To illustrate the effect of arc length on candle power it may be 
stated that with a circular plane radiator (the crater of the 
positive carbon approximates such a radiator) the maximum 
candle power is obtained on the vertical axis of the radiator, as 
shown by the sketch. Here we have Jq = maximum intensity, 
and le = Jo cos d. Thus the smaller the angle the 
greater the maximum intensity of light falling on the 
mirror. With positive and negative carbons of a fixed 
diameter the angle d depends upon the arc length, 
/ j \Iq\ being the angle of partial shadow on the mirror pro- 
V jected by the negative carbon cutting off through 

this angle the light rays emitted by the positive 
carbon. This may be more clearly expressed by the formula 
Id = Iq q cos d, where Iq = the normal intensity as before, 

Id = the intensity at any angle 6 from the normal, and 




TT — < 5 * 
TT 


where r — radius of positive carbon and 


S = the area of overlap of the negative on the positive for 
the angle d. 

The light intensity is reduced by the shadow of the negative 
carbon only for those angles of 6 which are smaller than 

tan 6 = where 

r = radius of positive carbon, 

ri == radius of negative carbon, 

I = arc length. 

Thus it is seen that to decrease the angle of shadow it is neces¬ 
sary to increase arc length or decrease the diameter of negative 
carbon. The arc length is restricted to the stability point of 
burning. 

In Fig. 5 is shown by curve the increase of candle power 
with increase of arc length; the candle powers are taken at 
40 deg. from the normal to arc surface and are approximately 
the maximum. 

The arc length of the Beck lamp is maintained constant at 
about I in. as compared to about f in. obtained at 60 volts in 
the standard 36-in. lamp. 
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Fig. 6 shows the variation of arc voltage with arc length as 
determined on a set of ordinary 36-in. carbons with constant 

current of 110 amperes. r 4. 

It is, of course, well known that carbon is the most refractory 

of all known materials, boiling at about 4000 deg. cent., but it 
unfortunately commences to evaporate at a much lower tem¬ 
perature (about 1800 deg. cent.), so that in an ordinary arc 
very little of the total area of the end of the positive carbon is 
at the melting temperature, a small wandering spot being the 
real efficient part of the carbon, and the rest of the eiid of the 
carbon is consumed at a much lower temperature, giving off 
less intense rays and a longer wave length. This may be readily 



Fig S^Candle Power-Arc Length Curve Taken at a Point 
40 DEG. FROM Normal to the Arc Surface—Navy Standard Carbons 
—'Current Normal 110 Amperes 


seen in comparison of the Beck and ordinary arc by the color 
of the arci 

In the Beck arc the ends of the positive and negative carbons 
are enveloped in the hydrocarbon vapor which prevents the 
consumption of the carbons at a lower temperature, by keep¬ 
ing oxygen from them; in addition it cools the outer shell of the 
carbons, the gas being at a temperature of about 1000 deg. cent., 
and thus concentrates the current in the center of the carbons. 
Fhus a current density greater than 0.75 ampere per sq. mm. 
is obtained, and the total crater of the positive carbon reaches 
a very high temperature. The current is brought to both car-, 
bons near the ends by roller contacts, so the only part having 
this high current density is the part protected by the indifferent 
gas. The positive carbon is cored with a rare earth with a 



1»15] McDOWELL: SEARCHLIGHTS 371 

melting point at about 3500 deg. cent. The positive develops 
a deep crater, about 12 mm. deep, filled with incandescent gas. 
The sides of this crater reflect the light radiation to the .focus 
of this crater and in addition, the light from the negative is 
reflected, so it is believed nearly true black body radiation 
is obtained; and by adjusting the focus of the crater to focal 
point of the mirror the high peak in the luminosity curve of the 
beam is‘ thus accounted for. 

The area of the Beck positive carbon is 201 sq. mm., the 
area of the ordinary 36dn. light positive carbon is 805 sq. mm. 
In the Beck light the maximum intrinsic brilliancy is greater 



Fig. 6—Arc Voltage-Arc Length Curve—Navy Standard 
Carbons Used—Line Current Constant at 110 Amperes 

that! 438 c.p. per sq. mm. The intrinsic brilliancy of an ordinary 
carbon arc varies from 120 c.p. per sq. mm. to 160 c.p. per sq.mm. 

In addition to the black body radiation obtained from the 
crater, there is evidently a large amount of light radiated from 
the incandescent gas in the crater, of a selective nature. It 
would probably at first be thought that this gas should follow 
Kirchhoff^s laws and absorb the lines which they naturally 
radiated, giving the Fraunhofer lines seen in the sun's spectrum, 
but in this case the incandescent gas is at a higher temperature 
than the crater and the spectrum shows positive lines appar¬ 
ently superimposed on the regular temperature radiation. 

It is noticed that, taking the Beck carbons and starting 
at a low current density, a luminous arc stream as of a typical 
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white flame arc is obtaiaed, the anode being convex. As the 
current density is increased the anode becomes concave and 
the anode stream disappears, apparently being confined to the 
crater of the positive carbon, leaving only the lower tempera¬ 
ture and less luminous cathode stream. The temperature of 
the incandescent gas within the positive crater is estimated ^ 
to be between 5000 and 5500 deg. cent. Two views of the 
Beck carbons burning with normal current densities are shown 
in the illustrations, Figs. 7 and 8. 

For the luminous power //, which reaches the eye of the 
observer, we have the following equation: 

/, =-/ (1 - P) X 

J = Luminous power of the searchlight. 

L = Distance of illuminated object (under the assumption 
that the observer is near the searchlight). 

P = Absorption by the atmosphere. 

K = The coefficient of reflection of the illuminated object. 

• Thus if we assume that a searchlight of certain illuminating 
capacity makes it possible to distinguish an object easily at 
4000 meters, than a searchlight of four times the illuminating 
capacity will carry 5300 meters, assuming that the absorption 
of the atmosphere is 10 per cent per kilometer and that the 
object is equally well distinguished in each case. 

It is very hard to compare two searchlights by the eye, but 
during the test conducted, both searchlights were lighted (Beck 
and Navy 36-in.) and first one and then the other was turned 
on the same object with the result that objects not distinguish¬ 
able, except in a hazy way, with the Navy 36-in. were plainly 
outlined by the Beck light. It is apparent to the eye that the 
Beck light is more of a bluish-white light than the standard; 
the ordinary searchlight beam looks yellow in comparison. 
The aggregate quantity of blue and violet rays in the Beck beam 
is about 23 per cent. At low intensities of illumination the 
maximum sensation to the eye for the same strengths of illu¬ 
mination shifts toward the blue end of the spectrum, while at 
higher intensities of illumination the maximum sensation for the 
same strengths is toward the yellow part of the spectrum. This 
shifting of the relative sensations for different intensities of 
illumination is a well-known phenomenon called the Purkinje 
eflfect. It is thus seen that the Beck light is particularly good 
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Center Line of Beam 


for picking up distant objects where the illuminative intensity 
would be small. 

It is also a well-known fact that a colored body reflects the 

colors from the rays falling on it 
which the body itself contains, and 
absorbs the rays which it does not 
contain; the Beck light being 
strong in the short waves of light 
would thus be particularly effec¬ 
tive in picking up objects of a 
bluish color, such as the various 
classes of ships painted bluish gray. 

An illustration is shown, Fig. 9, 
of the Beck light and of a standard 
36-in. searchlight, the upper beam 
being that of the Beck light and 
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the lower that of the standard light. 
Comparative mght illumination 
were conducted between 
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FiG.10— Foot-Candle Power- tests search- 

Distance Curve of the Beck standard 36-in. and 60-in. searcn 
44-in. Searchlight taken at lights and the 44-m. Beck search- 
A Distance of 2850 ft.—Lamp The Beck searchlight beam 

Burning Normally more concentrated beam 

t.Vian that obtained from either the 36-in. or. 60-m. beam 
of the standard lamp and the color of the Beck beam was 
a whiter one than that obtained from the Navy standard 36-in. 
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Fig. 11—Foot-Candle Power-Distance 
Standard 60-in. Searchlight taken at a Distance of 2850 ft. 

:.amp Burning under Normal Conditions 

md 60-in. searchlights.. With the carbons burning in a normal 
condition and placed in the proper focal centers of their respective 
nirrors, foot-candle-power readings at intervals of 24 ft. were 
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taken across the beam at a distance of 2850 ft. from the search¬ 
lights. Figs. 10 and 11 show the illumination across the beam 
of the Beck searchlight compared with the 60-in. standard search- 


120 96 72 48 24 0 24 48 72 96 120 

DISTANCE IN FEET 

Fig. 1'2—Foot-Candle Power-Distance Curve of the Navy 
Standard 36-in. Searchlight Taken at a Distance of 2850 ft.— 
Lamp Burning under Normal Conditions 

light. From these two curves it can be seen that the maximum 
illumination obtained from the Beck light is approximately 
2 \ times as great as that obtained from the standard 60-in. 
In the Beck searchlight the beam 
shows a very high illumination at 
the center and falls off very rapidly 
at the edge of the beam. The other 
figures, 12 and 13, were obtained 
in comparing the Navy standard 
36-in. searchlight with the Beck 
light. The figure containing the re¬ 
sults of the 36-in. standard search¬ 
light consists of five curves; the 
curves indicated by 1, 2 and 3, 
are plotted from actual results ob¬ 
tained; curve 4 is a resultant of 
curves 1, 2 and 3, and curve 5 is 
obtained if a 44-in. Navy standard 
searchlight is used in place of a 
36-in. light. The other figure with 
the results obtained from the Beck 
light contains four curves; three 
plotted from the actual results 
obtained, and curve 4 is the resul¬ 
tant curve of these three. From the comparative data obtained, 
it can be seen that the illumination obtained with the Beck 
searchlight is about five times as great as that obtained from 
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Fig. 13—Foot-Candle Power- 
Distance Curve of the Beck 
44-in. Searchlight Taken at 
A Distance of 2850 ft.-—Lamp 
Burning under Normal Con¬ 
ditions 
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the standard light. The spherical candle power of the Beck 
arc was measured and the results obtained are shown in Fig. 14. 
The maximum candle power obtained with the use of our 
present Navy standard carbons is 45,000 candle power, as 

CANDLE POWER 



Fig. 14 —Candle Power Distribution Curve for the Beck Search 

LIGHT Lamp 



Fig. 15— Candle Power Distribution Curve of Navy Standard 
Carbons—Line Current 110 Amperes—Arc Voltage 60 Volts— 
Arc Length Constant at 19/32 in. 


against 88,000 candle power obtained from the Beck lamp. A 
zonal candle power curve of standard 36-in. carbon arc with arc 

voltage at 60 volts is shown in Fig. 15. 

The results shown in Figs. 10, 11, and 13, are relative only, 
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and cannot be used to determine the zonal candle power of the 
beam reflected from the mirror. The absorption of the at¬ 
mosphere would have to be taken into consideration to obtain 
the actual candle power of the beam; the results obtained in 
Germany with this same light were much higher than those 
shown here, but the relative intensities between the ordinary 
arc and the Beck arc were approximately the same. 
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Discussion on “ Searchlights ” (McDowell), New York, 
February 18, 1915. 

R. B. Chillas, Jr. (by letter): In taking up the discussion of 
this paper, it is particularly worthy of note that the author has 
brought out the desirable characteristics of the searchlight 
arc, since a consideration of these or very similar principles has 
resulted in a decided improvement in the present standard 
type of searchlight carbons. While this has not been carried 
quite so far as has been shown in the Beck lamp, neverthe¬ 
less, it is quite probable that a wider application will be 
obtained. 

It has been pointed out by Lieutenant McDowell that the 
arc length has an important bearing on the efficiency. The 
limiting condition is fixed by the stability of the arc, and is 
measured by the number of outages permissible in _a given 
time. Experiments have shown that there is a considerable 
difference in the inherent steadiness of the arc when different 
textures of carbon are used in the negative, in a large part due 
tn the tendencv of the arc to wander about or to remain at one 
spot InTaSg advantage of this fact, it was found possible 
to reduce greatly tlie di^ixneter of the negative carbon and to 
effect a still further improvement by selecting such a size as 
would tend to burn with a slightly tapering, rather than a bl"*^^^ 
tip. The necessary current carrying capacity is secured by 

copper plating. 

Observation then showed that the arc on such a negative was 
particularly steady, could be operated at an 
with a resulting increase in length, and did not hppome 

about on the positive. In fact the positive crater 
so deep that the arc would finally travel to ® 

and become unsteady. It was then found 
of the nositive carbon could be matenally reduced, which r 

suited in an increase in efficiency ^om the ama 

perature of the positive tip. It should noted that the ar^^^ 
of the Beck carbon is 200 sq. mm. in. or 16 mm. in oiam ) 

as given in the paper, and the area th?im- 

great since the vapor cooling prevents p ^ Hi in. 

improved trims the carbon ^rea is ^ ^ 

or 28.6 mm. in diameter) but owing to t^ ^ in 

place, the crater area is about 280 sq. mm. (4 

‘^'^^es? changes have resulted in 
of the first three characteristics 

an increased arc length, due to the hig the'nositive 

resulting increase in the energy oonoentoh®^ negative, 
crater; a decrease in the of the crater y the g 

and a decrease in the tendency of the arc ^ 
the'positive, thus maintaining the crater more n y 
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focus. Incidentally, it is found that the light rises rapidly to 
full candle power, upon starting. 

The fourth characteristic, uniformity of carbon, brings up the 
important question of the relative rates of consumption of the 
positive and negative carbons, or burning ratio. With carbons 
selected to fulfill the above characteristics, it is found that there 
is a certain average natural ratio of consumption in the carbons 
for each different curve. 

Deviation from this ratio must of course be expected, following 
the probability curve. In the Beck lamp, the automatic focus¬ 
ing ^ mechanism takes care of these variations and keeps the 
positive crater in position, regardless of the rate of consumption. 
The operator, of course, must give his attention to feeding the 
negative at very frequent intervals. In the lamp mechanisms 
having a fixed feeding ratio, the natural deviations from the 
average burning ratio results in a movement of the positive 
crater from the focus, so that the operator must shift the whole 
lamp mechanisni backward or forward in the drum. The im¬ 
portance of having the feeding ratio of lamps of this type the 
same as the burning ratio of the most efficient carbons cannot 
be too strongly emphasized. Any changes in the carbons, 
necessary to cause them to burn in focus must be paid for by 
a decrease in efficipicy, a feature which has caused a great deal 
or poor operation in the past. It is suggested that in lamps of 
tne nxedyeeding ratio type, a set of three change gears be incor¬ 
porated in the design of the lamp, so that approximately a ten 
per cent variation either way in the feeding ratio may be made 
by shifting an idler gear. 

As an illustration of the nature of the changes that have been 
made in the carbons for the different currents, the following: 
tables give the comparative sizes: 

SEARCHLIGHT CARBONS 




TABLE I- 

-PRESENT SIZES. 


Size 

of 

Rated 

current 

Arc 

Carbon dimensions 

Lami> 

feeding- 

ratio 

mirror 

amperes 

voltage 

Positive 

Negative 

9 in. 

(23 cm.) 

13 in. 

(33 cm.) 

18 in. 

(45 cm.) 

24 in. 

(60 cm.) 

30 in. 

(76 cm.) 

36 in. 

(91 cm.) 

60 in. 

(152 cm.) 

10 

20 

35 

50 

80 

120 

200 

45 

45 

45 

48 

50 

60 

65 

i X 5-1/2 in. 

(13 X 140 mm.) 

5/8 X 6 in. 

(16 X 152 mm.) 
13/16 X 8-1/2 in.) 
(20.6 X 215 mm.) 

1 X 12 in. 

25.4 X 305 mm.) 

1-1/S X 12 in. 
(28.6 X 305 mm.) 
1-1/4 X 12 in. 

(32 X 305 mm.) 

2 X 15 in. 

(51 X 380 mm.) 

7/16 X 3-1/2 in. 
11 X 90 mm.) 
1/2 X 4-1/2 in. 
(13 X 115 mm.) 

5/S X 5 in. 

(16 X 127 mm.) 

3/4 X 7 in. 

(19 X 178 mm.) 

7/8 X 7 in. 

(22 X 178 mm.) 

1 X 7 in. 

(25.4 X 178 mm.) 
1-3/8 X 12 in. 
(35 X 305 mm.) 

1.65 to 1 

n 

(( 

u 

It 

It ’ 
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TABLE II.— IMPROVED SIZES. 


Size 

of 

mirror 

Rated 

current 

amperes 

Arc 

voltage 

Carbon dimensions 

Lamp 

feeding- 

ratio 

Positive 

Negative 

9 in. 

10 

46-49 

0.51 X 4.75 in. 

0.31 X 4.37 in. 

1 to 1 

(23 cm.) 



(13 X 120 mm.) 

(8 X no mm.) 


13 in. 

20 

48-51 

0.63 X 5.5 in. 

0.35 X 5 in. 


(33 cm.) 



. (16 X 140 mm.) 

(9 X 130 mm.) 


18 in. 

35 

50-54 

0.63 X 7 in. 

0.35 X 6.25 in. 


(45 cm.) 



16 X 180 mtn.) 

(9 X 160 mm.) 


24 in. 

50 

50-54 

0.75 X 10 in. 

0.39 X 9 in. 

u 

(60 cm.) 



(19 X 250 mm.) 

(10 X 230 mm.) 


30 in. 

80 

55-59 

0-97 X 10 in. 

0.45 X 9 in. 

ti 

(76 cm.) 



(25 X 250 mm.) 

(11.5 X 230 mm.) 


36 in. 

120 

58-62 

1-12 X 10 in.* 

0.51 X 9 in. 

a 

(91 cm.) 



(28.5 X 250 mm.) 

(13 X 230 mm.) 


60 in. 

200 

65-72 

1.37 X 15 in. 

0.63 X 12 in. 

1.35 to 1 

(152 cm.) 



(35 X 380 mm.) 

(16 X 300 mm.) 



It should be observed that a material decrease has been made 
in the cross-section of the corresponding carbons. Also that 
the new trims are adapted to the present type of lamp, provided 
the feeding ratio is changed. 

Candle power measurements of the new trims show about ^ a 
30 per cent improvement over the present standard trim in 
effective flux on the mirror, together with a greatly improved 
steadiness and quality of beam. In obtaining these fig¬ 
ures, the method used was as follows: An integrating sphere- 
photometer, divided vertically into two hemispheres was used, 
together with a high candle power incandescent lamp as an 
auxiliary standard. This lamp was mounted^in a metal reflector 
so that all of the light would be delivered in one hemisphere. 
First, determine the mean spherical candle power of the auxiliary 
standard lamp in the sphere; second, remove the rear half of 
the sphere, mount this lamp so that its entire flux falls within 
the hemisphere and read the photometer. Third, place the 
searchlight lamp on the horizontal axis of the hemisphere, with 
the positive crater at such a distance from the rim that the solid 
angle subtended by the rim is the same as that subtended by the 
mirror, and read the photometer. For these readings, namely, 
the total flux from the auxiliary standard lamp, the illumination 
produced by it on the hemispherical surface, and the illumination 
produced by the searchlight on the same surface, the total 
effective flux in the solid angle 6 .subtended by the mirror may 
be calculated 

Effective mean spherical c.p. of searchlight = mean spherical 

^ . (illumination from searchlight) 

c. p. of standard, lamp X (illumination from standard) 

This affords a very convenient and rapid method for determin¬ 
ing the candle power; the values given by this equation are in 
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terms of mean spherical candle power falling on the mirror that 
may be converted to mean effective intensity in the direction of 
... 2 


the mirror by multiplying by the factor 


1 - cos 


6 


the ratio of a 


totel sphere area to that within the effective solid angle 
Several questions have arisen to which we would be pleased 
to have replies, namely, the normal volts and amperes, and rate 
of consumption of the Beck carbon. Are the mirrors ground 
to a parabola on both faces, and to what extent does a departure 

beam ^ noticeable effect in the 

Karl Georg Frank: Schuckert is not the only man to 
whorn credit should be given for the parabolic mirror for the 
searchlight, but it was Professor Munker, in Nuremberg, who 
theoretical calculations and he and Schuckert worked 
together, thus being able to manufacture and put on the rnarket 
the best searchlight mirror that is obtainable. Everybody who 

mirrors, knows of their one special feature, 
and that IS the quality and uniformity of the product. It is not 

onoP I ^ parabolic mirror 

^hil^ but to get a parabolic mirror of first-class quality 

all the time, that is the secret, and it is very difficult to obtain. 

claL^^f to See that the searchlight has joined that 

fn+b? contributed so 

much to the use of electricity in the army and navy, and it is aptly 

a period of twenty-five years no special 
^ogress has been made in the matter of searchlights. I believe 
Mr. Beck s achievement is very creditable, and there is really 
shown a tendency toward further improvement. 

he author speaks of the lamp mechanism, and there seems 
to be some doubt expressed as to whether that is fully relifSe 

Sn ^°ReLbq> requirements which the navy must main- 

be ?nteSSw tn^l importance, and it would 

the So^J^libi b those .difficulties of which 

have been overcome. 

thJt speaks further of the temperature and mentions 

hS fivum at about 1800 deg. cent. I do not think 

fndTf t W«^b thermal phenomena, but electrothermal, 

bS^ ^®g- ®®“t., without an arc 

L flif ^ tliink any evaporation takes place 

fnSinpS: a peculiar phenomenon takes place 

iaSet of ^ ionization of the atmosphere so that little 
S tbe 3j;f separated from the carbon and are thrown 

T^b- the electrons across the space to form the arc. Therefore 
I think the figure of 1800 deg. cent, is not correct. 

bv ^ofestnr f attention to the very interesting treatise 

Dy Professor Lummer, of Breslau who recently measured quite 
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correctly the temperature of the arc and has produced arcs under 
pressure as high as 22 atmospheres, and he obtained temperatures 
up to 6000 deg. cent. It seems to me, also, that the special value 
of Mr. Beck’s achievement lies in obtaining this high temperature 
which Mr. McDowell gives as about 5000 deg. cent. It is, in 
my opinion, impossible to obtain the same effect by any other 
means. The previous speaker pointed out some tests and 
experiments made in this country, and in connection with that 
I wish to say that a foreign company made similar tests and 
changed the size of the carbon, and also the density of the current 
in the carbon. For instance, the Argentine battleships built 
in this country have been equipped with foreign searchlights, 
and as far as I remember the size of the carbons has been changed 
and negative carbons of smaller size, say 38 mm. to 40 mm. 
diameter, were used. 

But, according to what we know today, it is not possible to 
obtain such a high efficiency as, for instance, Mr. Beck obtains, 
by the other process, because it is not possible to obtain such a 
high temperature. It is well known that the intrinsic brilliancy 
of the arc and of the crater does not increase proportionally 
with the current. If you exceed a certain current density you 
will not get a proportional amount of increase in efficiency and 
intrinsic brilliancy. 

Then I wish to call attention to the statement in the next to 
the last paragraph, which is very interesting. It is said 
that the increase of illuminating capacity of four times makes 
it possible to increase the radius of action, so to speak, from 
4000 meters to 6300 meters. "You see therefore, that even an 
increase of about 400 per cent in the illuminating capacity brings 
about an increase of only 33 per cent in efficiency. That further 
points out the importance of the absorption of the light in the 
atmosphere. 

I want to point out that the possibility of discerning.a distant 
object is, as the author also said, dependent first of all on the 
quality of light received by the object, second, on the nature of 
the surface illuminated, particularly its color and reflecting 
properties; third, on the transparency of the atmosphere, and 
fourth, on the nature of the objects surrounding that atmosphere. 
Under ordinary conditions, with a 90-cm. searchlight you can 
figure on a radius of action of about one mile, or a little less, 
but, as mentioned before, it is very dependent upon the 
atmosphere, because the absorption of the atmosphere varies 
between 2 and 50 per cent and if dense fog is present, of course, 
a great deal more. In tests made in Nuremberg, it has been 
found that smaller objects could be seen at a distance of about 
2700 meters, larger objects at a distance of about 7600 meters, 
while with the same searchlight, under similar conditions in the 
Mediterranean, Egypt and Asia Minor, distances up to 12,300 
meters have been obtained. Therefore, it is noticeable that a 
further problem arises, which might engage the efforts of the 
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engineering profession, and that is to clear from the atmosphere 
suspended particles, mist and fog, and that would mark a very 
great step in advance in this problem. Possibly one of our 
confreres, Mr. Nicola Tesla, would be able to accomplish this, 
as it has something to do with the projection of energy through 
space; it is known that electrical energy of high tension will 
in some way clear the atmosphere. 

H. A. Hornor: To the practical operating man, the search¬ 
light must be more interesting on that side rather than on its 
theoretical side. The great improvement in the illuminating 
power of the searchlight is, of opurse, a very great advantage, 
not only from the standpoint of illumination, but also from the 
importance of its use. 

I should like to ask Lieutenant McDowell to explain a little 
more clearly to us the operation of the lamp. As I understand 
it, the gas is formed by the use of alcohol, and I should like to 
know what the operation of the lamp is in that connection. It 
must be understood, of course, that this searchlight has its 
application upon a floating craft, whose electrical equipment has 
unusual care, but it is doubtful in my mind whether a search¬ 
light of this particular type would be universally applicable. 
On a naval vessel of any size, such as a superdreadnaught, there 
would be sufficient intelligence of an electrical nature to take 
care of the operation of the lights. I doubt ver}?" much, however, 
whether on our ordinary passenger and merchant vessels the 
searchlight could be usefully operated. We have a rule in 
m^chant practise that a searchlight must be at least 18 inches 
in diameter, to be useful on an ordinary merchant vessel, namely, 
a vessel of 300 or 500 feet in length. An important point is that 
the searchlight must operate with a minimum amount of atten- 
tion, as you cannot carry a body of skilled electricians on mer¬ 
chant vessels, except those of large size, such as our trans¬ 
atlantic liners. 


H ^ mathematical point source 

Tf parabolic mirror, you get a parallel 

T tbfnu ^ source, you get a conical beam, and 

tbflt fc preceded me is mistaken in thinking 

will eliminate the necessary divergence which comes from the 
employment of a large source of light 

Lieutenant 

fetwJlf searchlight I would like to ask Lieutenant 

oi^i^Jun ^"^tual use of the searchlight for 

been fo3 located, it has ever 

vi-=!!nn ^ 1.1 to use what is called indirect or side 

psion, which sometimes shows objects so much better than 

direct vision in dim lights. 

panerbut PO“L not in connection with the 

paper, but in connection with a matter of terminology in photo- ' 
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metry and illumination. The two kinds of vision to which I 
have referred are commonly called twilight vision and bright 
light vision, but it seems to me that the two types of vision 
would be designated better by the two terms block vision 
and detail vision. It is well known that if you are walking 
out on a very dark night, and a person approaches you, he will 
be very much more easily seen if he is at one side than if he is 
directly in front of you. This so-called twilight vision 
enables one to perceive only a block or blotch with no detail 
whatever and I think it should be called block vision. Vision 
by the central part of the retina, on the other hand, enables one 
to see details, it requires a much higher degree of illumination, 
and I think it should be called detail vision. These two words 
seem to me to be much more clearly descriptive than the words 
heretofore used. 

The question I have asked Lieutenant McDowell is simply 
as to whether, in the use of the searchlight, any deliberate 
attempt has ever been made to use block vision instead of detail 
vision, in catching a first glimpse of the distant object to be 
located. 

Clayton H. Sharp: One of the very good points about this 
paper is that it sums up in a comparatively few words a good 
deal of the theory of the searchlight, which theory is frequently 
misunderstood. As Professor Franklin has said, if we have a 
strictly mathematical point source at the focus of a true parabolic 
mirror, we would get a parallel beam of light, and the flux 
density of light down that beam would be uniform throughout, 
except for atmospheric absorption. The diameter of the beam 
would be the diameter of the mirror. When the size of the 
crater becomes appreciable, the angle made at the surface of the 
mirror by the crater, which is called by Lieutenant McDowell 
the angle of dispersion, sometimes called the angle of divergence, 
determines the divergence of the beam as it leaves the mirror.,. 
So by increasing the size of the crater the size of the beam at a 
distance is increased, but the maximum flux density in the beam 
remains the same. 

The point in regard to the Beck lamp is that it produces a 
luminous area having a higher average brightness than does the 
ordinary lamp. It has been pretty generally conceded that in 
the carbon arc the brightness of the brightest part of the crater 
is practically independent of the current density. If the current 
density is increased, the area which has the maximum temper¬ 
ature is also increased, but the brightness of the maximum part is 
not increased to any great extent. This brightness represents, 
in other words, a temperature corresponding to the vaporization 
point of the carbon. In the Beck lamp the end of a small 
carbon is solidly covered with an intense white light, giving a 
useful area of higher average brightness than the ordinary carbon; 
consequently the beam is homogeneous and the useful output 
of the searchlight is increased. 
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There is a characteristic difference between Fig, 10 of the paper, 
which shows the Beck light curve, and Fig. 11, which shows the dis¬ 
tance curve of the navy standard 60-in. The Beck lamp gives an 
extreme point distribution which corresponds to a small crater. 
The navy standard gives one which is much less pointed, and 
where the point is much lower. That corresponds to the lower 
average temperature of the useful area. 

I fail to see why having a larger crater is in itself a disadvan¬ 
tage. If you can only heat up the larger area to the same tem¬ 
perature you will get a larger beam, which I should think must be 
an advantage, and also as high a beam candle power as in the 
other case. 

There are one or two statements in the paper which I think 
require some explanation. '' The sides of this crater reflect 
the light radiation to the focus of this crater, and in addition 
the light from the negative is reflected, so it is believed nearly 
true black body radiation is obtained.*’ The statement is made 
below that the incandescent gas in the crater shows bright lines, 
consequently its temperature must be higher than the tempera¬ 
ture of the carbon, and on the next page it is stated that the 
temperature of the incandescent gas within the positive crater 
is estimated to be between 5000 and 5500 deg, cent. It seems 
to me that there are some inconsistencies there. If there is a 
tme black body, it cannot reflect and it cannot contain a gas at a 
higher temperature. If the temperature of the gas is only the 
temperature of the carbon surface, then the bright lines must be 
due to luminescence of the gas ; in other words, the gas glv^ 
outlines corresponding to a higher temperature than the blade 
body temperature. ^ That does not necessarily mean that the 
gas itself has that higher temperature. I should like very much 
to know how the estimate of 5000 to 5500 deg. cent., as the tem¬ 
perature of the gas, is made. I should also like to know the basis 
of the estimate that the aggregate quantity of blue and violet 
fays in the Beck lamp is about 23 per cent. The unit of measure 
there, or the terms on which that is expressed, would help to an 
understanding of the statement. 

Karl Georg Frank; I hop^e there is no need here for my 
standing up^ for the theory of ionization, and while there may be 
different opinions about it, I want to point out the following fact. 
In speaking of the evaporation of carbon, one naturally tWnks 
that, like all other bodies, the carbon first becomes liquid and then 
evaporates. Not only Lummer, but also Braun made tests 
and Lummer thinks even today he has been able to liquefy 
carbon at about 5000 or 6000 deg. cent., but he is not sure, and 
other people are not sure, either. Other experiments have been 
made to discover at what temperature carbon would evaporate; 
the experimenters used temperatures up to 3000 deg. cent., but 
they could not exactly determine what happened. 

Oiie of the speakers pointed out that the carbon is consumai 
at a lower rate, but that is decidedly not evaporation, but 
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oxidation. In steel making it is known that oftentimes, at as 
low as 1000, 1200 or 1500 deg. cent., carbon is readily oxidized 
into the form of CO, and we have to deal with similar cases in 
the arc of the ordinar^r arc lamp. What I pointed out was that 
evaporation, that is to say, throwing out of carbon particles, 
without oxidation, probably does not take place at such a low 
temperature as 1800 deg. cent, without the formation of an arc. 
We have a similar, and yet in some ways an entirely different 
phenomenon occurring in the incandescent lamp where we have 
a carbon filament; a deposit of carbon on the glass is noticed, due 
to the vacuum to some extent, and also, very probably, ionization 
takes place. I believe in most similar cases where we have 
to deal with a consumption of carbon at a temperature of be¬ 
tween 1000 and 2000 deg. cent., it is not, strictly speaking, 
evaporation, but oxidation, a formation of gaseous solution, 
with a possible consumption of carbon itself. 
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ELECTRICAL PRECIPITATION 
Historical Sketch 


BY F. G. COTTRELL 


M y FUNCTION this morning is merely to present a brief 
introduction to the real speakers and their topics. What 
you are chiefly interested in at this time, I know, is the experi¬ 
mental side of this matter, including the lantern slides and mo¬ 
tion pictures, which these speakers have to show you. All I 
shall try to do is to outline a few of the steps that have led up to 
this work and thus attempt to give it a little more definite setting 
in time and space. 

Going back to the earliest reference on the application of 
electrical forces to precipitation, we find that M. Hohlfeld, in 
1824, was the first, as far as I know, to point definitely to the 
phenomena as of practical significance. Hohlfeld was a teacher 
of mathematics in the Thomas School of Leipzig, and published 
a brief article^ descriptive of an experiment he had made on 
this subject. What he did was simply to form a funnel out of a 
piece of paper, set the lower tip into a bottle, and light the edge 
of the paper. When the smoke filled the bottle, the stopper was 
inserted with a wire through it reaching to within about three 
inches of the bottom. This wire was then connected to an old- 
fashioned frictional electric machine, and upon operating the 
latter the smoke in the bottle quickly disappeared by deposition 
on the inner surface. One of the experiments which Mr. Bradley 
is to show you later is substantially a duplicate of this experi¬ 
ment of Flohlfeld s. It is perhaps worth while to note the words 
in which Hohlfeld expressed his ideas on the significance of 
this phenomenon. He writes: 

1. Kastner’s Archiv fiir die Gesammte iVo-toMre, Nurnberg, 205-206 
(1824). 
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'' It is, of course, well known that during a thunder-storni, after 
almost every bolt of lightning, there comes a heavier fall of rain, 
and this occurs, indeed, just such a period after the bolt as would 
be required for the water to reach the earth from the clouds. .11 
has also been observed that following a thunderclap, and especial 1\' 
the heavier ones, sleet and hail often fall and in increasing 
amounts with repetition of the discharges. Finally, it has l)cen 
noted that so-called cloudbursts are usually preceded by strong 
and rapidly repeated discharges. The first of these pheiHirnena 
may easily be illustrated with the use of artificial electricity.” 

Then he describes the experiment of which I have s|)ok:en. 


This constitutes our first historical reference to this subject, 
so far as I know. 

This fell, apparently, on deaf ears, no one apjireciating its 
importance. The machinery at the time available was, of 


course, inadequate for commercial application, and notliing 
again appears until a quarter of a century later, when (h Id 
Guitard mentioned^ a similar phenomenon, which he indc].)en" 
dently observed on tobacco smoke in a bottle in much the sanic 
way. Then, the matter seems to have again rested for a still 
longer interval without further notice, save for an occasional 
incidental mference. For example, in 1878 Robert Norwald 
cites the dispersing of dust inside an electrometer he was work¬ 
ing on, when the instrument was left charged, which he ascrilied 
to this cleaning effect on the air. The reference, howex'cr, is 

merely incidental, and represents nothing that was put to practi¬ 
cal use. 


The first attempt actually to apply this principle to practical 
affairs seems to have come almost .simultaneously in Germari>' 
and in England. We find under date of August 9, 1884, aii 
English patent on electrical precipitation issued to A. 0. Walkcvr 
one of the proprietors of a large English lead works, and also" a’ 
German patent, dated October 2, 1884, issued to Dr. Karl 
Lloeller, covering much the same general ideas. Both of tliese 
seem to be entirely independent of the earlier work, and tc) 
represent, practically, rediscoveries of the phenomena of elec- 
nca precipitation. Walker’s patent was directly inspired'^ by 


2. Mechanics Magazine, London, Nov. 1850 

3. Wied. Ann., 5, 460-499. 
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experiments and observations made by Prof. Oliver Lodge and 
presented by him about that time in several lectures.^ 

It is interesting to note in these papers presented by Lodge, 
that the phenomenon which he was primarily studying was not 
electrical precipitation at all, but that this only came up as an 
accident of to independent investigation, he having set out orig¬ 
inally to study the effect of hot and cold bodies on dusty air. 
It had been known for a long time that if a hot iron rod were 
held in a cloud of smoke or dust and one looked along the edge of 
the rod he could see a dark space between the rod and the sur¬ 
rounding cloud of smoke or dust, and already considerable work 
had been done by various investigators to explain this phenome¬ 
non. It was at first assumed to be due to the combustion of the 
particles surrounding the rod. This was later disproved and the 
effect finally was run down to a question of molecular bombard¬ 
ment. Lodge, in attempting to determine whether any electrical 
forces were associated with this purely thermal phenomenon, 
tried the effect of electrifying the heated rod. Up. to potentials 
of a hundred volts or so he found no appreciable effect, but on 
going to thousands of volts he was surprised to find that a 
manifest activity was produced, that the smoke or dust was 
driven away from the rod, and rapidly deposited. It was'only 
later that he came across references to the observations of others, 
and published a brief historical note^ citing them and giving 
credit to these early investigators for their work, which was 
unknown to him at the time of his own discoveries. 

These lectures and papers by Lodge served to bring the sub¬ 
ject clearly before the public, and I think it is fair to say that the 
place of precipitation in our modern thought dates from that 
time. The work of Moeller, while following somewhat the same 
line, does not seem to have produced the same effect on the 
public, probably because it only appeared at that time as a 
patent, and was not followed by any further general publicity, 
and thus largely escaped public attention. 

5. Lodge preliminary letter, Nature, 28, 297; July 26, 1883. 

Lodge and Clark, Proc. Roy. Soc., Feb. 1884. 

Nature, Apr. 24, 1884. Lecture by Lodge before Roy. Dublin Soc. 

Nature, Jan. 22, 1885. Lecture by Lodge before Brit. Ass’n. Advc. 
Sci., Montreal Meeting. 

' Proc. Roy. Institution of Gr. Br., 11, 520-529. Lecture by Lodge before 
Roy. Inst. May 28, 1886. 

Jour. Soc. Chem. Ind., 5, 572-576 (1886). Lecture by Lodge before 
Liverpool Section of Soc. Chem. Ind., Nov. 3, 1886. 

6. Nature, 71, 582 (1905). 
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While we find Lodge’s work referred to in various jouiTials 
from that time down to comparatively recent years, and a 
number of patents covering details of proposed methods occur¬ 
ring here and there in the literature, there was nothing; that 
could fairly be considered as a permanent contribution to the 


actuaHndustrial development of the subject until quite recently . 

Just following Walker’s original patent, an installation was 
made^ at his plant, the Dee Bank Lead Works in England, in 
which two large Wimshurst influence machines were relied ui)on 
to supply the electricity. The Wimshurst machine had just 
come out at that time, and the descriptions of this plant are 
especially interesting today on account of the terms in which 
they describe the Wimshurst machine. It was so vastly sui)erior 
to the friction machines in use before that time that it was con¬ 
sidered a commercial piece of apparatus, a thing which would 
revolutionize the industry, and bring static electricity into 
practical use, which we know has not been the case in any such 
measure as was anticipated. 


Cunrent from these two large Wimshurst machines, whose 
rotating disks were five ft. (1.5 m.) in diameter and were driven 
by a small steam engine, was carried to the flues of the lead works 
and there discharged into the gases from an insulated system of 
rods^studded with sharp points placed in the flues, the otlicr 
terminal of the machine being grounded. The installation, 
owever, proved impracticable to maintain in commercial 
operation and was eventually abandoned.® 


About 1905 some of us happened to be interested in these same 
problems more specifically the clearing of fumes from certain 
acid works in California, and experiments were undertaken at 
the University of California to determine the practicability of 
hese general methods, using more modern apparatus, ami 
substituting the high-tension transformer with the auxiliary 

oSTmoLT'T’ 

out a more efficient system of electrode distribution 
Out of that grew some interesting laboratory experiments 
which looked promising, and these attracted the atteSio^ 

^ e local manufacturing concerns who were wil ling to carry the 

(1885). Huttenmannische Zeitung, 2.53-254 


s \ C°“densation of Fume by Static Electricity ” Malvern l\/r ti 
School of Mtnes Quarterly N V irf ^ t i M. lies. 

No. 2, Jan. 1896 1895; and Vol. 17, 



1915] COTTRELL: ELECTRICAL PRECIPITATION 391 

work further. It was very soon found that the work would 
have to be put on a more stable basis than it was possible for us 
to do as we were then working. 

This was what led, eventually, to the organization of the Re¬ 
search Corporation. It was realized that it would be difficult 
for the University itself to undertake this work, and there was a 
distinct prejudice against permanently commercializing the 
matter in the hands of any one private industrial organization. 
A plan was therefore worked out to develop the patents under 
the guidance and backing of local capital, with the understanding 
that when the money invested had been returned, and a reasonable 
profit secured, then the patents as .a whole, or at least a large 
portion of them, should go over to some holding organization 
to be used for the benefit of scientific research. It was expected 
then that the University of California would probably become the 
recipient, because all of us who were working on the problem at 
that time were alumni of that institution. As the work developed 
it took more time and money than was anticipated, and by the 
time it had become stabilized, which was a matter of five years, 
the work had spread over such a large territory that it seemed 
inexpedient to attempt to administer it from a single local 
institution. We also foresaw the danger, if it became success¬ 
ful and was handled from one such institution, that the same sort 
of procedure would naturally be emulated elsewhere, and before 
one knew it the very thing which we wished above everything 
to prevent, that is, the commercializing of educational labora¬ 
tories, would be really brought about by the fact that they would 
be competing among themselves on a commercial basis, the most 
dangerous effect that could be brought about. To obviate this, 
we looked for a solution in finding some national, and better, 
international, body, to undertake the administration of these 
rights, and any others that might come in the same way—an 
organization with and through which all the different academic 
activities, universities and colleges could cooperate. 

To make a long story short, after considerable search for the 
best means of carrying this out, the patents were offered to the 
Smithsonian Institution, and by it transferred to a Board of 
Trustees which was formed under its auspices and guidance, and 
called the Research Corporation.^ This was organized as a 
business corporation with directors and a charter, to conduct the 
commercial development of the patents, and to turn over the 
profits to the Smithsonian Institution to be used at the latter’s 

9. Jour. Ind. and Eng. Chem., 4^ 864-867, Dec. 1912. 



392 COTTRELL: ELECTRICAL PRECIPITATION [Peb. 19 

discretion in aiding and encouraging scientific investigation 
throughout the institutions of learning of the world, for which it 
acts as a sort of clearing house, and it is under the guidance of the 
Research Corporation, with which probably many of you are 
already familiar, that the work w’hich grew out of the activities 
in California has developed. 

Right alongside of the latter came also a somewhat similar 
development here in the East, About the time we were starting 
out on the final consolidation of this work under the Smithsonian 
and the Research Corporation, Professor Robert Kennedy Dun¬ 
can was crystalizing his work on industrial fellowships at the 
University of Pittsburgh.^® I presume most of you are familiar 
with the system of industrial fellowships at the Universities of 
Kansas and Pittsburgh. One of the problems which Prof. 
Duncan undertook as a part of this general program in Pitts¬ 
burgh was that of smoke and dust elimination. We worked 
in the West particularly on smelter smoke, and in the East he 
and his co-workers concentrated their efforts more on coal smoke, 
their more specific field being the city of Pittsburgh. 

Out of this, together with the work on other fellowships which 
was in Prof. Duncan’s hands at that time, finally grew the Mellon 
Institute of Industrial Research and School of Specific Industries, 
located in Pittsburgh, .and the beautiful new building, which is 
to be dedicated this coming week, stands as a splendid and fitting 
monument to Dr. Duncan’s energy and devotion to that work. 
He was, niost lamentably, taken from us last year by death, 
just at the time when his long-cherished dreams were blossoming 
into substantial realities, but, as he told me shortly before his 
death, he felt that the work had then come to such a ix)int that 
it would stand. He fully realized the uncertainty of human life 
and said he had until lately been apprehensive for fear he might 
not be able to carry the work far enough to have it thoroughly 
stabilized before he should be taken, but that it had been carried 
to such a point in the last few months that that fear was elimi¬ 
nated, and at last it had. reached a stage and was in hands which 
left his mind at ease, referring particularly to his associate, Dr. 
Raymond F. Bacon, who has since succeeded him as director of 
the Institute. 

The original program of the Mellon Institute in smoke abate¬ 
ment, was wider than that of the Research Corporation. It 

10. Jour. Ini, and Eng. Chem.^ S, 177-186, Mar. 1911. 
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covered not onl}/- electrical precipitation, but other fields, such as 
improved furnace construction and the like. Electrical pre¬ 
cipitation played, however, a prominent part in it, and from the 
first, even before the details of his campaign were taken up. Dr. 
Duncan and I discussed the work and arranged a tentative plan 
of cooperation. At that time both the work of the Research 
Corporation and the work under his direction were still in such a 
formative state that it did not seem wise to try to make a formal 
arrangement betw^een them, but rather to work it out as we went 
along, and it was decided we should follow this procedure until 
such time as the work on both sides was sufficiently developed 
to bring them into more definite interrelation. 

That has since then in large measure been brought about, and 
the two institutions are now working together to a common 
patent situation—the patents developed by each are now, to a 
very considerable extent, being consolidated and utilized in a 
cooperative manner. The Mellon Institute and the Research 
Corporation are working for the same general aims, although 
their methods of administration and conduct of work vary some¬ 
what, but they are mutually sympathetic and trying earnestly 
to extend to each other all the moral support possible. The 
field of the Mellon Institute in the precipitation work is expected 
to be more particularly in the vicinity of Pittsburgh, for the 
immediate future, at least, vdth the Research Corporation work¬ 
ing cooperatively with them there, but also over the rest of the 
country, where work is already started. 

These details will be understood better from the papers which 
are to follow. This morning Professor Nesbit and Dr. Strong 
will speak for the work of the Mellon Institute, and Mr. Bradley 
for that of the Research Corporation. It has been a great satis¬ 
faction to me to see this close cooperation come about, not only 
because of the greater practical efficiency for useful effort which 
it represents, but because I knew Dr. Duncan and valued his 
friendship very highly, and we both had this same view in mind, 
of thorough- cooperation between the two organizations. I 
know there is nothing that would please him more than a knowl¬ 
edge of the results as they are now wmrking out and the harmony 
of purpose and action between the two organizations, and I feel 
sure the same applies to Mr. Mellon, who has so generously 
endowed the work of the Institute. So much for the retrospect. 

As regards the actual work, the speakers to follow.and the 
apparatus will tell the story, so I will not attempt here to speak 
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on that side of the subject, but I might perhaps say a few wouds 

in regard to our dreams of the future; in other words, as to tlie 

question—How far can this work go beyond what has actuiillv 

* 

been done and will be brought to your attention this morning 
in the papers? In Lodge’s original plans there were two ratlier 
distinctly separate projects, two separate lines of attack, (due 
was directed toward the precipitation or collection of industrial 
fumes and smoke—man-made fumes. The other was directed 
toward fog precipitation in the open, the clearing of routes for 
navigation, of congested railway terminals and crossings and 
even of metropolitan streets. It is natural to think of the 


famous fogs of London as probably a powerful stimulus to Lodge* 's 
imagination and interest in this matter. This, in one scn.se, 
looks like a greater task, a more hopeless undertaking, than tliose 
we have already to some extent accomplished. Still, it i.s a 
matter of such general public interest as to justify the most earne.st 
effort m its attempted solution, and after all, there would seem 
to be nothing necessarily inherent in the engineering difficuliics 
to be anticipated which would put it beyond the reach of iires'- 
ent mechanical developments. It is a service which will iirob- 
ably require powerful apparatus, and the small installatioms 
that have served as stepping stones up to the present time have 

developed the ap])arahuH 

a start, at least, on this new work. 

ha^S hadT considerations, I must confess to 

haong had a personal feeling of reticence in undertaking the fo,. 

S h SboC; 'd particularly 

hZnl T personality, and I had hoped tha t 

the uork over here would eventually reach a sufficient basis ri 

practical success so that by the time the real fog problems came- 
to be taken up it might be possible to secure Sir Oliver ^ 
tion directly with the work in such a, w«v oc il , 

indicate and recognize the credit that is dL hiral the 
this whole art. I had honed be i 7 7 ^ ^ 

was about to present itself in the coming “yPP^^unity 

Exposition at San Francisco, and particularlv in IL 

AccordingirefeS 

ZTwemtelf work aUhat fee 

yo. W, the holding ot .he 
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Congress impracticable, and the matter then came back for con¬ 
sideration as to whether it was expedient to attempt anything 
at all. In the meantime, however, it was found that much of 
the apparatus desired had been pledged, and that there would 
probably be facilities for handling extremely high-tension, high- 
powered circuits at the exposition. The electrical departments of 
the two neighboring universities have taken an active interest 
in the matter and preparations are being made to do what can 
be done at the time of the exposition to carry on some, at least, 
of these experiments in general high-tension technique, and it 
may still be possible to get in a little work on the fog problems. 

While here in the East on my present trip, it has been most 
pleasing to find the interest which is being taken in this matter. 
The possibilities of such experiments are growing right along 
among the shipping and other interests, to whom the fog question 
is a vital one, and I think it is entirely probable that within the 
next few months a direct start may be made in experiments along 
this line. Sir Oliver Lodge, it is understood, has carried out 
some very striking experiments in this direction already. On top 
of the Physics Laboratory in Liverpool, just before he left there 
to take his present post at Birmingham, he mounted an electrical 
conductor and charged it from a series of large electrostatic 
machines with the result, it is reported, that he was able grad¬ 
ually to dissipate the fog for a considerable distance around the 
conductor. This would seem, at least, to represent what may 
be hoped for where one has to do with quiet air and stationary 
objects. My own feeling is that the line of attack most directly 
connected with established practise in this country may probably 
lie in finding a means of carrying an electrode system, slightly 
modified from those now used in flue systems, out in front of the 
vessel to be protected from fog dangers. Aeronautical problems 
are coming fairly and distinctly into the field of the engineer, 
and in talking with aeronautic engineers I find they do not see 
why there should be any insuperable difficulty in carrying at a 
couple of boat lengths ahead of the vessel, from each side, an 
apparatus such as the electrode system, and connecting it to 
high-tension apparatus on shipboard through the cable that is 
supplying the helicopter’s or dirigible’s motor. You would 
thus have a broom, so to speak, sweeping a path clear in front of 
the vessel, that would give room enough to stop or turn aside as 
objects ahead were sighted. The light electrode system and 
its supporting mechanism can of course be deflected in a shorter 
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time than that in which you can stop a large vessel. Hi is [lie- 
tiire is not put forward as a definite program or detailed iiroject, 
but mentioned purely by way of suggestion as to one of the lines 
of work that may be taken up, and to indicate perhaps, to some, 
how it may not, after all, be as blind a jump into the dark as it 


would seem at first sight. Some of the steamshi]) |.)eople in 
New York, and elsewhere, have expressed their willingness to 
go forward with the work should the preliminary tests |)ro\'e 
encouraging, and it is hoped some such development may take 
place in the near future. In closing, I bespeak your cordial 
help and cooperation as members of the electrical profession in 
helping this work along, for it certainly should add very ma¬ 
terially to the safety and comfort of people traveling at st‘a, as 
well as materially assist in solving many problems on land. 




P/esemed at the 2d Midwinter Convention of 
the American Institute of Electrical Engineers, 
New York, February 19, 1915. 


Copyright 1915. By A. I. E. E. 


ELECTRICAL PRECIPITATION 

THEORY OF THE REMOVAL OF SUSPENDED MATTER FROM 

Fluids 


BY W. W. STRONG 


Abstract of Paper 

The frictional resistance of a small particle moving through a 
fluid is given by the law of Stokes. Knowing the density and 
size of the particles and the coefficient of viscosity of thie medium, 
the amount of energy required to remove suspended matter 
from fluids can be calculated. From the formulas the relative 
efflciences of the different methods used to remove suspended 
.matter from gases can be obtained. From these formulas the 
electrical method, is shown to be especially adapted to fine sus¬ 
pended particles or to a mixture of gases that can be selectively 
ionized. In a practical case of electrical precipitation of smoke 
it is shown that approximately 4 per_cent of the energy of the 
corona discharge is actually expended in the process of precipita¬ 
tion. , ^ 

The manner of the distribution of the energy of the corona 
discharge is discussed. The nature of the corona ionization and 
the “ corona ” rays is also briefly described. 

The application of the theory of electrical precipitation is 
given so that it is possible to determine the best working condi¬ 
tions for precipitating a given kind of suspended matter from 
a given -fluid. The theory also indicates the limits of useful¬ 
ness of the method ot electrical precipitation 


The Energy Required to Remove Suspended Matter 

FROM Fluids 

T N GENERAL it may be said that the engineering problem 
I of removing suspended smoke, fumes or dust from gases 
and liquids requires that these particles be. given more or less 
velocity. The gases or liquid usually pass throughi the pre¬ 
cipitation chamber with a certain velocity which we will designate 
as, the longitudinal v&locity. If the suspended matter can be given 
a transverse velocity independently of the velocity of the fluid, 
we have a way of separating the suspended particles from the 
fluid. Precipitation is therefore a process of subjecting smoke, 
fumes or smoke .and gases to differential forces. Examples of 
the. action of differential forces are given by “ settling ” due to 
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the gravity forces, the centrifuge process (often applied in flues 
by the use of sudden changes in the direction of the flue gas cur¬ 
rent or in fans and centrifuge machines), the separation of sus¬ 
pended matter by the direct action of the electric and magnetic 
fields, or by the ionization methods as used in the Cottrell and 
corona methods of electrical precipitation. 

In all these methods of precipitating smoke, fumes and dust 
the amount of energy actually required can be calculated by 
means of the law of Stokes provided one knows the size (radius 
of the suspended particles = a) of the particles, their density 
(^), their velocity (transverse velocity F,), the number of parti¬ 
cles {n) per unit volume of the medium and the coefficient of 
viscosity of the medium (ju). 

As a typical example of the precipitation of fumes, smoke or 
ust let us assume that Fig. 1 represents a cross-section of the 
precipitation chamber. The length of the chamber is A B 
or L cm. and the distance between AB and CD is / 



Fig. 1 


m The lonfrtudinal velocity of the gas through the chamber 

Lv thaftr h precipitated it is ^ 00 “ 

sary that they be given a velocity V, such that they will ail 

be carried to the walls during the time / ^ . 

g time y j required for the 

gases to pass through the precipitation chamber It will .1 r 
assumed that the particles stick to the waT and i, ” 

3 Tt"*"* ac deS 

particles to either AB or CD w to carry the 

halt dt the chamber the 

in the other half it is towards CD. pSc'a„‘hIT*‘ 
by having an electrically charged approximated 

Ohmnber and charging l‘"to a'o 

particles to an opposite sign). 

We have, therefore, U/F< = £/ 7 , 


(1) 




1915] 


STRONG: ELECTRICAL PRECIPITATION 


399 


Using a margin of safety of 1.2, we may say ^ / Fj = 1.2 L F< or 



I Vi 

2AL 


0.4 I Vi/L 



Assuming our precipitation chamber to be one cm. thick, the 
volume of gas passing through the chamber per second is / Fz cu. 
cm., and the number of particles passing per second is ^ I Fz. 

Let Ep be the energy required to carry the particles through 
the gas with the velocity Fz and give them their kinetic energy 
which they eventually transfer to the walls of the chamber when 
they stick ” to it. Let F be the frictional resistance encount¬ 
ered by the particle and .y the distance subjected to this frictional 
rCvSistance. Then 

Ep = m V? Fs] n ergs per unit volume. (3) 

For complete precipitation in the chamber of Fig. 1, and for the 
treatment of I Fz cu. cm. of gas per sec., 

Ep in ergs per sec. = n I Vi m Vt^ + 2 ^ 0 W 


The law of Stokes gives the value of the frictional force F and 
this law has been found to hold with a considerable degree of 
accuracy for wide variations in the radius, shape and nature of 
the particles. This law is: 


F = Gtt jji a Vt d. 
Equation (4) then becomes 


( 6 ) 


Ep in ergs per sec. = ^ I Fz (w Fz^ 6 tt ju a Fz dl) ( 6 ) 


or. 


^ . 0.2FdVi^ fO Fz , / \ ,,,, 

Ep in ergs per sec. = - f - I-- \- b tt aj ij) 


In the case of smoke and most kinds of fumes and dust a is small, 

O.iexa^Fz . 


so that the term 


3 L 


is negligible. It is in this field 


that electrical precipitation is especially well adapted, since the 
forces acting on the smoke particles depend upon the number of 
ions striking the particle and on the charge of the particle. On 
the other hand, centrifuge forces vary as the mass of the particles 
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and therefore as a^. For centrifuging, equation (7) would re¬ 
main as stated. For electrical precipitation (7) becomes 


Ep in ergs per sec. 


1,2 TT /I a P dVi^ 



For practical purposes it is convenient to make the precipitation 
chamber as large as possible, but it is seen from equation (8) 
that this is impossible since I appears cubed. It is also seen 
that Vt cannot be increased very greatly even though the length 
of the precipitation chamber is increased. The greatest effi¬ 
ciency is to be attained, therefore, by making I and Vi as small as 
is practicable. In practical work, I should not exceed 5 or 6 
inches, and Vi should not greatly exceed 8 or 10 feet per second. 
The maximum values of I and Vi are also limited by the nature 
of the corona discharge itself, as will be shown later. 

. The Corona Discharge 


The corona discharge consists of an. electrical current carried 
by ions produced by the secondary ionization resulting from tlie 
impacts of rapidly moving ions with the gas molecules. For 
purposes of illustration and for practical electrical precipitation 
of smoke and fumes, the term corona discharge will be restricted 
to the use of ah electrical discharge, taking place between a wire 
(placed axially) -and its enclosing cylinder. The process of second¬ 
ary ionization is accompanied by a number of transformations. 
Let E be the energy consumed in the discharge. Part of this 
energy is converted into the luminous effects of the discharge, 
(El), part in effecting chemical reactions, (-BJ, in heating the 
electrodes, (Ek.e-)j in heating the gaseous medium, (Eh-g.)> We 
have, then, 

£ = £ 3 , 4“ jEz H- +■ £a-«. + Ek.g. (9) 

Several of these quantities ca nbe measured separately, so that 
it is to be hoped that our knowledge of these energy changes will 
soon be greatly extended. 

: The nature of the ionization taking place during electrical 
discharges at low gas pressures has been studied by Thomson, 
Stark ajtid others, and it will be assumed here that the kind and 
relative number of ions in'the “ corona rays ” and the “ corona 
streams of ions is the same qualitatively as at low pressures*. 
At atmospheric pressure, however, the ions will be shorter lived, 
less simple in constitution and -will form less distinct rays, so 
that the phenomena will not be the same. 
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The kinds of ions that may exist in oxygen and nitrogen for 
longer or shorter intervals of time are as follows; 0%, electrons, 

—. 4- -f-j- -j_ _j_ ■ -j- _j_ 

0, 0, 0, Oz, Oe, —, and charged nuclei. N^, Ni, — , iV, Nz, 

—Ij— I I j l*! —liM 

~ , iVi, and charged nuclei. Even at low gas pressures many of 
these ions appear very rarely, so that one may assume the corona 

— I" —j. ,-j— I 

ions to consist largely of O 2 , N^yO, N, 0, possibly N and some 
charged nuclei. 

There may be several processes of ionization possible, the 
process at any place depending on the nature of the gas, the 
corona rays and the electric field existing there. With increas¬ 
ing field strength the order of appearance of these different typesr 
of ionization is probably somewhat as follows: 



Fig. 2—Negative Corona Rays Fig. 3—Positive Corona Rays 

(a) Secondary ionization produced by the natural ions of the 

gas and by the electrons produced by this ionization. The ions 

+ 

are probably almost entirely of the O 2 , and N 2 type. As the 

potential gradient (depending on whether there is a T- or—corona) 

— -f . 

is increased, (b ), ions like 0 and N are formed. The different 
ions probably begin to ionize by collision for different potential 
gradients, so that the nature of a corona ray depends on the 
value of this gradient. 

The nature of the corona rays is not well known but they are 
probably somewhat like those represented in Figs. 2 and 3, 
the positive and negative corona ra^^s being quite different. At 

low pressures there would be many more electrons, and O 2 
rays, than of the other types. The positive brushes may consist 
of regions where ions recombine. These brushes are very in¬ 
effective as regards precipitation, fumes and smoke being almost 
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entirely unaffected by them. It seems necessary for precipita¬ 
tion that the suspended particles be subjected directly to the 
corona rays that are themselves producing secondary ionization. 
Tbs would lead one to the view that precipitation is not the 
. immediate effect of the electric field on the charge of a smoke 
particle but that it includes the kinetic energy received by the 
particle due to collisions with the corona rays. 

Best Working Conditions for Electrical Precipitation 

1. The best working conditions for electrical precipitation 
seem to include the action of as uniform and dense a corona as 
possible upon the gas containing the suspended matter. 

2. The effect of temperature is not very great, higher tempera¬ 
tures usually permitting of a larger corona current density. 

3. In any gas the conditions should be such that no break¬ 
down between the electrodes should take place. Fluctuations 
in the ionization of the gases may cause considerable trouble. 

4. In actual experiments on a precipitation chamber treating 
about 1000 cu. ft. of gas per min. it was found that under the most 
favorable conditions some 5 per cent of the electrical energy 
could be converted into as given by equation(8). £„ the amount 

of energy used up in chemical reactions such as the oxidation of 
nitrogen, is of the same order of magnitude. 

• ^ The efficiency of the process of electrical precipitation 

^ represented by ( 8 ), since the corona 

discharge IS not distributed altogether uniformly over the wire. 

^ The ener^ required to remove the particles in this shell (volume 
Trr rL)ol number 2irrnLdr would be equal to the kinetic 
energy the partieles impart to the cylinder on Cact and th, 
energy used up in frictional resistance. One has ' ^ ^ 

Ep for this shell per sec. = 

+ {R - r) Q r a d Vr) 2 TV rn L dr, 
ercylinder. For the whole cylinder this becomes 

E - 


J 


dr + 12 r n L {R - r) uia d Vr dr 


( 10 ) 
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in which h is the radius of the wire electrode. Since the particles 
have reached a state of equilibrium in each shell (the forces of 
the electric field and the frictional forces being balanced) Vr is a 
function of the potential gradient, this latter being a function 
oi r y r then is the only variable in ( 10 ), so that the expression 
can be integrated. In this way tables connecting with the 
amount of corona current, the changes in the gas viscosity, tem¬ 
perature, the potential gradient, etc., can easily be determined. 

The best method of attacking equation (10) from an experi¬ 
mental point of view is to work with smoke particles of uniform 
size and density (lycopodium dust, for instance), and measure 
Vry Tfiy fly d and ?i. As the law of Stokes has been proved to 
hold experimentally for wide ranges in the value of a its use per¬ 
mits us to determine the electrical forces that are in more or less 
equilibrium with the viscous force of resistance. A determina¬ 
tion of Fr for various values of r will serve to indicate ho\y the 
smoke particles are ionized. Equation ( 10 ) may be written: 

J r=R ^ = R pr=R 

Vr^ dr + b[ r Vr dr - c[ r^ Vr dr. 

T ~h Y ^1) Y ~h 


Since A contains and this is very small for fine dust, fumes and 
smoke, we have for the conditions of electrical precipitation: 


nr 


Z? 


B 


= R 

r Vr dr 


nj 

r 



H Vr dr. 


( 11 ) 


Y = h 


The transverse velocity of the ionized smoke particles [Vr) 
is a function of the potential gradient (Ey) at r and in the direc¬ 
tion of r. 

Vr =f{Er)=fi \ ( 12 ) 

\ log T ^ 

It is thus seen that since E is not a function of r, being the 
difference of potential between the wire and the cylinder, ( 11 ) 
can be integrated. The value of the function/is determined by 
the size and manner of charging the smoke particles by the corona 
rays. This is not now well known. We have then for the energy 
consumed, 
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For an example, cigarette smoke was taken. Very deiise cig¬ 
arette smoke may contain a maximum number (n) of 30,000,00() 
particles per cu. cm. In the actual experimental conditions 
Vr was assumed uniform and was about 20 cm. per sec. L = 4 It. 
a was assumed to be 0.01 ix (ranges between 0.1 to 0.001 {x, /x 
being a thousandth of a mm.), and the coefficient of viscosity 
0.000178. The particles were all assumed to traverse a dis¬ 
tance of 8 cm. The value of Ep then comes out to be some 
20 to 30 watts (per thousand cu. ft. of smoke) and the corona 
energy consumption 300 watts. This value of Ep is only in¬ 
tended to be a qualitative illustration, but under actual condi¬ 
tions it can be determined with a considerable degree of accuracy. 


Conclusions 

1. It is shown that the energy (Ep) required for precipitating 
smoke, fumes and dust can be represented by the formula 

Ep = K Vi^ P 


where I is the length of the precipitation chamber, Vi is the 
necessary longitudinal velocity of the particles and K is a con¬ 
stant that can easily be determined in practise. 

2. A formula is derived for the corona method of electrical 
precipitation that will give the efficiency of the process for ] 3 ii)es 
of different radii, different lengths and for different values of tlie 
potential gradient and the transverse velocity. For installing 
a plant the problem consists in knowing the constants of this 
formula and then deriving the most suitable type of precipita¬ 
tion chamber. 

3. The possible nature of the corona rays is described, the 
different kinds of ionization that may take place and the way 
smoke and fume particles may be charged. 

4. The distribution of the energy transformations in the 


corona discharge is outlined and it is shown how it is possible 
to measure some of these energy terms. 

5. It has been shown that approximately 10 per cent of the 
energy of the corona discharge may be used directly in precipita- 

ing smoke. There is no doubt but that this efficiency may be 
increased. 

6. It can be shown that a similar percentage of the energy 

may be used in the oxidation of the nitrogen by the corona 
discharge. 
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THE THEORETICAL AND EXPERIMENTAL CONSIDERA¬ 
TION OF ELECTRICAL PRECIPITATION 


BY A. F. NESBIT 


Abstract of Paper 

Theory of electrical precipitation of suspended matter in gases 
is inseparably connected with the ^ phenomena of ionization 
and the laws of electrically charged bodies. 

The motion of the suspended particle is like that of the charged 
pith ball in the familiar experiments, but the charge is obtained 
by ionization instead of contact. 

The paper shows that electrical precipitation occurs in nature 
and then by calling attention to the structure of matter shows 
how ionization is brought about, how the ions,^ nuclei and ag¬ 
gregates are formed, and the final precipitation of these is 
effected by gravitation and the electric field. ^ 

Experimental apparatus for electrical precipitation is given 
and attention is called to the differences between the appearance 
of the positive, negative and alternating corona. 

The experimental data have shown the superiority of the 
negative corona and the relative effectiveness of the size and 
shape of electrodes, temperature and conductance of gases, 
polarity and uniformity of corona. 


Introduction 

T he theory of electrical precipitation of suspended matter in 
gases and liquids is inseparably connected with the pheno¬ 
mena of ionization, and the laws of electrically charged bodies. In 
order then that we may become familiar with the facts that 
underlie electrical precipitation, it has been thought best to 
give a somewhat detailed outline of the present theories of ioni¬ 
zation, followed by the results of experiments made to study the 


phenomena. 

Everyone is familiar with the experiment in which a pith ball is 
brought up near a body negatively charged. The near and far sides 
of the pith ball accumulate positive and negative charges of equal 
magnitude respectively. This polarization or separation of the 
electric charges, constituting the neutral state of the pith ball, into 
the respective components, and the greater or less freedom with 
which either of these components may become detached from their 
holder, the pith ball, and become attached to, or else remain free 
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from other material molecules, represent phenomena which occur 
in splitting up the molecule or group of molecules in its neutral 
state into its electronic and ionic components respectively. This 
analogy is helpful in getting a correct view of the migration of 
charged bodies in an electric field; but the cause of the charge, 
the structure of matter, ionic migrations, and ionization agents 
must be considered at the outset. 

As shown later, the particles suspended in a gaseous medium 
or constituting the solid and liquid particles of a moving gaseous 
stream, whenever they are subjected to the action of intense elec¬ 
tric fields, become charged by the action of the traveling ions and 
electrons and consequently tend to travel along with these ionic 
streams. 

1. The General Properties op Particles Suspended in 

Gases 

Light reflected from very fine particles held in suspension 
in a gaseous medium is usually of a bluish color, and this color is 
purer the smaller the particles. As the particles increase in size, 
the reflected light becomes a pale blue and finally white when all 
wave lengths are equally well reflected. This phenomenon is 
observed on an enormous scale in connection with the blue 
sky, the brilliant sunsets, electrical discharges during thunder 
storms, and during the occurrence of the Northern lights, and 
shows the presence of suspended particles. The presence 
of atmospheric dust and moisture, along with the electrical 
phenomena which are taking place in the earth’s atmosphere, 
is largely responsible for the precipitation - of the so-called 
floating particles in the air. This is electrical precipitation occur¬ 
ring on an immense scale in nature. 

The problem to which our attention is here called, is that which 
undoubtedly accounts in a large measure for the meteorological 
phenomena of the condensation of suspended water particles 
into rain, the formation of fogs and mists, the formation of snow, 
the presence of ice crystals at high air elevations, and the elec¬ 
trical phenomena occurring at these same high altitudes. The 
combined effects of these natural phenomena, with the presence 
of floating particles of man’s own making, have an important 
bearing on climates, vegetable and animal life. 

2. The Atomic Structure op Matter 

The modern theory of matter is that it is composed of atoms 
each one of which is of the same size. Likewise, charges of 
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electricity are composed of the so-called electrical atoms, each 
of which is made up of the same quantity of electricity. The 
molecules of all material substances, whether gases or fluids, 
when in their neutral state, are said to possess equal quantities of 
positive and negative electricities. 

Recent investigations and deductions furnish evidence which, 
leads to the view that at least a part of the mass of an atom of 
any element is of electrical origin, and that the atoms of different 
elements differ only in the number and grouping of the ultimate 
units of negative charge called electrons. The electron rep¬ 
resents an amount of negative electricity equal to 4.8 X 10“^° 
electrostatic units. No accepted name has been given to the 
ultimate unit of positive electricity corresponding to the electron, 
because no exact information is available as to the way in which 
positive electricity exists in the atom. 

When an electron has been added to a particle or molecule of 
any substance, in the neutral state, it is then said to possess a 
free negative charge of 4.8 X 10“^° electrostatic units. When 
an electron has been removed from a particle or molecule, in 
the neutral state, it is then said to have a positive charge of 
4.8 X 10“^^ electrostatic units. 

\ 3. Ions, Nuclei, Aggregates 

Experiments on the electrical conductivity of gases suggest 
that this property of gases is greatly increased by raising their 
temperatures. This fact, coupled with the statements made 
above, leads to the conclusion that the molecules or particles of 
the gases themselves, apart from any suspended solid or liquid 
matter which they may contain, become better conveyers of 
electricity as their temperatures are raised. These charged 
particles or molecules of the conducting gas, or the suspended 
particles of vapors, dust, fumes, etc., which it may hold in 
suspension, are called ionized particles, and some are charged 
positively, others negatively, the two kinds of charges not neces¬ 
sarily being of equal magnitude. 

A negative ion, or a carrier of a negative charge, is formed when 
a neutral molecule of a material substance, such as a particle of 
dust, vapor, or smoke, has imparted to it from any source what¬ 
ever one or more electrons in excess of the number contained in 
its neutral state. The magnitude of the charge on the negative 
ion depends upon the number of electrons which have been added 
to the neutral molecule, or aggregate. In like manner, a positive 
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ion is formed when a neutral molecule or aggregate of a material 
substance has one or more electrons removed from it. 

These ions themselves may become the centers or nuclei about 
which large aggregates of the particles of the body may be clus¬ 
tered or assembled, and their charges may in part neuti'alize each 
other, or give rise to increased potentials for the aggregates above 
that of the individual ions. 

An illustration of this principle on an enormous scale is the 
usual consideration of the myriads of minute water ])articles 
floating in the air. The clouds are great masses of water vapor, 
dust particles, and other floating matter in the air. This 
floating matter may exist more or less in the form of aggre¬ 
gates. The aggregates may have been formed b}*" the condensa¬ 
tion of water vapor on the dust or other particles as nuclei, or 
during their fall due to gravitation they may unite to form small 
drops. The drops of. water are more or less charged with posi¬ 
tive electricity, probably due to evaporation taking place at the 
surface of the earth and upon bodies of water. 

When condensation centers begin to foim, the aggregates 

have a msultant charge equal to that of the individuar])articles 

composing k. Thus, when an aggregate of eight water iiarticlcs 

is formed into a sphere of twice the radius of the individual 

particles, that is, into a sphere of twice the electrostatic capacity, 

the potential of the aggregate is raised to four times that of the 
original particles. 

4. Ionization 

By ionization is meant that process by means of which the mole¬ 
cules of matter are split into positively and negatively charged 
particles or positively charged particles (ions) and electrons. 

e principal ionizing agents are Roentgen and Becquerel rays 

StratLSr t IT’ temperatures! 

ultra-violet light and chemical action. 

MkI’^iTeX“ under the four 

of a When the temperature 

r r 1 , their excursions carry them beyond the 

surface of the body and they escape into the surrounding medium 

orincandp.r.AumT lu the electrons from the hot 

of tS bodT®™«ed particles or molecules 

the body Itself, and these particles with their associated 
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negative and positive charges constitute the streams of negative 
and positive ions. 

b. Thermions. Thermionic Currents. In the case of hot or 
incandescent bodies, the ions which are emitted are called 
thermions. The density of these ionic streams constitutes what 
is called the density of the thermionic currents, and depends 
upon the physical and chemical conditions of the hot body at 
the time, its temperature, and the properties of the medium into 
which the ions are emitted or radiated. This thermal ionization 
from the fuel and the hot surfaces in the furnace or fire box 
may aid somewhat in giving an initial charge to the particles 
with which we are concerned in the electrical precipitation of 
smoke. 

c. Chemical action may be the-cause, as well as the result, 
of ionization. , 

d. Ionizing Action of Water Sprays. Wilsonh Eve^, Pomeroy^ 
and others have investigated the ionizing action of fine jets of 
water in the form of sprays, and the conclusion is reached that 
both negative and positive ions are produced, the former being 
slightly greater in number than the latter. It may be possible 
that the ionization produced by water jets may have some valu¬ 
able effect in the removal of suspended matter in air washers. 
The positively charged ions are associated with the heavier 
parts of the spray. The electrons, however, seem to attach 
themselves with great difficulty to water drops even though 
they be of very small sizes. These facts may explain the posi¬ 
tive electrification of atmospheric clouds as due to evaporation 
of water. 

Armstrong^ studied the electrification of steam jets, and one 
of the conclusions he reached is that the electrification developed 
did not appear to depend upon the degree of violence with 
which the steam came into contact with the air. The work of 
Armstrong may shed some light on our subject. 

The Theory of Electrical Precipitation 

In general, solid and liquid particles may be considered as sus¬ 
ceptible to the action of either or both the electric and magnetic 
fields. Only a few kinds of particles are acted upon by the mag¬ 
netic field, and the mos t important application of the magnetic 

1. Philosophical Magazine, July 1902. 

2. Philosophical Magazine, p. 382, 1907. 

3. Physical Review, 27, p. 492, 1908. 

4. philosophical Magazine, Vol. 17, 1840. 
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field is in the separation of iron ore dust from the earthy sub- 
tances with which it occurs in nature. We must keep in mind 
that every electromagnetic field is made up of its two inseparable 
components, the magnetic and electric fields respectively. Since 
the action of the magnetic field depends upon the more or less 
polarization of the particles to be removed, and is accounted for 
in a manner similar to that which explains the phenomena as¬ 
sociated with the electric field, it will not be discussed in this 
paper. 

Material particles, for our purpose, may be grouped in two 
classes, conducting and non-conducting. When the conducting 
particles are brought into an electric field, they immediately 
take up a definite redistribution of their charges which constitute 
their neutral state; each side of the particle has an accumulation 
of positive and negative electricity respectively, and it is custom¬ 
ary to represent this condition by sa5dng that the electric field 
has polarized the particles. Independent of this polarizing 
action, there may be either or both positive and negative ions, 
and electrons, present in the field, and these ions and electrons as 
a result of collisions among themselves and with the polarized 
particles will tend to combine with the latter and form what are 
called large ions or aggregates. Ions of this type are continually 
yielding up or receiving charges, and in a medium in which the 
density of the suspended particles is very great and the particles 
of minute size, it is quite probable that the formation of ag¬ 
gregates is hastened by the polarizing action. The velocity 
of the large ions is very low, and such being the case, special 
consideration must be given to these facts in the design of a 
precipitator to treat such particle-laden gaseous streams. 

It may be inferred from what has previously been said, that 
the greater number of possible applications of electrical precipi¬ 
tation is concerned with the treatment of gaseous streams 
laden with solid and liquid particles of the non-conducting type* 

Research Work on Electrical Precipitation 

Some idea of the phenomena attending the precipitation of 
suspended particles in gases by the electrical process was obtained 
by means of special apparatus as shown by Figs. 1,2,3, and 4. The 
glass cylinder. Figs. 1 and 4, six in. inside diameter, completely en¬ 
closing the quarter-inch wire-mesh cylinder five in. in diameter, 
was sealed to the lower glass jar and also to the upper glass jar 
or pipe leading to the suction fan. The:re was thus eliminated 
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any possibility of an in-draft of air through the wire mesh 
cylinder which constituted the grounded electrode. 

The wire c in Figs. 1 to 4 represents the active electrode 
of the system, and was placed axially within the wire-mesh 
cylinder, being supported at either end by means of heavy- 
walled glass tubes dd. Connection to the high-voltage electrical 
circuit was made through the upper glass tube d. 



Fig. 1 


Fig. 2 


In the experiments to be described, all cylindrical parts of 
the apparatus were of glass, except the wire-mesh cylinder and 
the cross A of stovepipe in Fig. 2. Ample insulation was thus 
provided against any leakage of electricity from the active 
electrode c to any part of the apparatus, except corona discharge 
between the wire c and the grounded wire-mesh cylinder. 

The electrical circuit consisted of a high-voltage transformer 
capable of stepping up from 220 volts^to as high^s 80,000. The 
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high-voltage side of this transformer was connected through a 
mechanical rectifier of the Lempe type, and one side of tlie 
circuit was taken to the upper end of the active electrode 6', 
the other side going to ground. A potential of about 30,000 
volts was needed to get a strong negative corona discharge from 
the wire c toward the wire gauze. 

Referring now to Fig. 1, very fine pieces of thin tissue paper, 



To Suction Farv-. 




Pipe or 
'‘■■'Gtaas Cylinder 

ir 30.000 Volts 
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-b 


Fig. 4 

tin foil and gold leaf, fine shreds of silk fiber and other light 

substances were placed on the wire ganse disk. Every proca 

tron ^ taken to insure that these particles of pa^^ 

were free from any electrical char?e<? ri.-ei. i - ’ ’ 

nected to a apSV.L ‘''ycai cnarges, the disk being first con- 

nectea to a delicate gold leaf electroscope, which sjave no in 
dication of charges, and then grounded. 

3 hen the electrical circuit was open, and a gentle suction 'n. 

plied by means of a fan connected to thp L fT ’ 

kstii connectea to the top of the apparatus, 
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the light pieces of paper, tin-foil, etc., were lifted off the wire- 
gauze disk, and floated lazily along through the wire-gauze 
cylinder without any definite or prescribed course. Some of 
these particles jostled against their companions and aimlessly 
wandered along with the gentle current of air. 

Upon closing the electrical circuit, however, these same floating 
or suspended particles evidenced a very distinct behavior, 
especially was this true between the wire c and the wire mesh 
cylindei*. An immediate redistribution of the charges con¬ 
stituting the so-called neutral condition of these particles evi¬ 
dently takes place. In accordance with the laws which govern 
the action of such light bodies when brought into an electrical 
field, the particles almost invariably flocked very quickly toward 
the wire c, only to be hurled, as it were, away from it an instant 
later and start on their journey toward the wire-mesh cylinder, 
where the electric field was very much less intense. 

Thus in Fig. 1, particles 1,2, 3, and 4 have not yet experienced 
a redistribution of their charges constituting their neutral state. 
Particle 7 has its neutral state charges redistributed, and ex¬ 
periences an attraction toward the wire c. This particle will 
actually move toward c unless it is forced to move toward the 
wire-mesh cylinder due to c^ollisions with its companions, which, 
like particles 5, 6, 8, and 9, have had the positive charges of 
their neutral states already neutralized by contact with or a 
near approach to the wire and then are hurled toward the 
grounded electrode or wire-mesh cylinder. 

When such particles have once reached the grounded elec¬ 
trode, they sink more or less aimlessly down the inner wall of 
this electrode (provided they have not passed through the mesh), 
and Anally reach the lower compartment where they may again 
be caught up with the ascending air current and repeat their 
experiences. The behavior of particles of finite dimensions, 
such as those described, is accounted for by the so-called polar¬ 
izing action here described. 

When other particles become of very small size, of uhra- 
microscopic dimensions, it is doubtful whether the polarizing 
action plays as prominent a part in the phenomena of electrical 
precipitation, as do the electron streams, or the coronal radia¬ 
tions and the accompanying secondary ionization which results. 

In Fig. 2 the glass cylinder surrounding the wire-gauze cylinder 
of Fig. 1 was removed, and simultaneously with the application 
of a strong suction action at the top of the apparatus, a current 



414 


NESBIT: ELECTRICAL PRECIPITATION [Pd,. 19 


of air laden with fine susi)cndcd particles w:is forced into ' *■>« 
left end of the cross pipe A, as indicated liy tlie arrmv 
The slight in-draft of air through the wire mesli jire\'ent.s; 
appreciable passage of the susiiended j)artiek*s out ihrougli 
mesh. As this experiment proceeded some of the jiartieles 
carried in suspension in the gaseous stream were ilejjosited, tis 
at a and b. 

Upon closing the circuit as in Fig. 3 ;i changt* tpnckly took 
place. The particles, which in Fig. 2 had been mo\'ing ainiles.sly 
along with the gaseous stream, were now acted upon by the 
electrical forces, because they were hurled bodily out through 
the wire mesh with considerable velocity, utuI to a distanee c>f 
several feet. The polarity of those i:»:irtiele.s whidi had not 
collided with the grounded electrode, or othiu'wise given u}» 
their negative charges while they were i)assing t hrough tlic mesh, 
was easily determined by the gold-le;if electrosi'ope.’ 

The general appearance was that shown in h'ig. 3, in whicli 
scarcely any of the suspended particles, for llie given suetion 
draft, traveled far enough uj)ward to reach tlie ujtjier mid (>f 
the wire-niesh cylinder, and this took place notwithstanding 
the in-draft of air through the mesh <iuc to the suction :iet ion 
applied by the fan. In this case tlictre wa.s a noticeable iniTtsase 
in the deposit at h. Referring now to Fig. 4. tlie six-in. gjass 
cylinder encloses the wire-mesh cylinder in the manner de.scribed 
in connection with Fig. 1. The circuit is <'lo.se<l as in h’ig, 3, 
and the space between the wirc-mesh cylinder ttnd {.he enclosing 
glass cylinder soon becomes filled with tlie part icles whicli liavt* 

experienced a motion radially out from the wire c, under tin* 
action of the electrical field. 

When the suction fan alone is used toilraw the particli-.ladcn 
gaseous stream through the apparatus, the suction velocity may 
e so adjusted that no solid particles are [iresent in the air or gas 
delivered from the suction fan. When this is tlie case, the space 
between the wire c and the wire mesh becomes more and more 
cleared of suspended particles as the top of tin; apjiaratus is 
approached, and the density of the susiiended particles deiiositcd 
m the space outside the wire mesh is somewliat as reiire.sented 

shading. Just as soon as this space }.ecomcs 
Ued with solid particles, the continuance of thi.s ele(;trical action 

Particles or aggregates of 
particles traveling down the inner wall of the wire-mesh cylinder, 

and passing nght through the ascending particle-laden gaseous 
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stream, they are deposited or precipitated as at 6. Cold soot from 
soft coal, cold blast furnace dust, cement and alumina dust, and 
other fine particles have been tried, with almost identical results- 
Fig. 5 gives the general form of the rectified current wave used 
in these experiments. The central parts of both lobes of the 
cycle were used and the mean value was between one and two 
milliamperes. 

The Precipitation op Smoke, Cement Dust, Alumina Dust, 

Ashes, etc. 

In the non-conducting type of particles or at least those only 
slightly conducting, is included a large number, of which the 
above are prominent examples. 

In the presence of intense electric fields, and apart from possible 
initial ionization due to high temperatures of the gases, or chemi¬ 
cal action taking place at high temperatures, the ionization 
which takes place between the electrodes, due to electronic and 



Fig. 5 


ionic streams, would sweep the particles to that part of the field 
which is the weakest, or strongest, depending upon their specific 
inductive capacitances. This weakest part of the field is located 
at that electrode which has the larger surface, such as is the case 
of a cylindrical pipe within which is placed coaxially a wire 
of small diameter. For a given length of such a cylindrical 
pipe, the suspended charged matter in the gaseous stream wbicb 
is made to pass through the pipe, in order to reach the inner wall 
of the pipe before it passes out of the electric field between tbe 
wire and pipe, must move with such a velocity lengthwise of 
the pipe as will allow it to move in the same time a maximum 
distance CQual to the radius of the pipe. Under these conditions, 
heavy aggregates, which move more slowly than finer ones, re¬ 
quire a longer pipe of the .same diameter for the same pipe 

A precipitator based on these principles was designed by Dr. 
Strong and the writer, and Figs. 6, 7, and 8 give the general 
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appearance of the top of the outfit, when 900 cubic feet of 
coal smoke was moving through it at a velocity of about five 
feet per second. Two circular groups of eight and .seventeen pipes 
respectively, each pipe four feet long, and five inches in diameter, 
are firmly jointed to two end headers, to which the fine wires are 
attached, to keep them in rigid position. Fig. 9 gives a sec- 

tional view of this precipitator. ^ ■ 

While it is understood that ionic streams may be produced ui 
varying degrees of intensity by point, brush, and corona dis¬ 
charges, it is with the last named type of discharge that this 
precipitator operates. The positive and negative corona dis¬ 
charges, respectively, between the 
wires and the pipes as the active and 
grounded electrodes, for still air, are 
represented in Figs. 10 and 11. The 
original photographs were taken at 
night with the -precipitator placed 
horizontally and the voltages em¬ 
ployed were slightly less than the 
breakdown values. When the wires 
as in Fig. 10 were maintained as the 
positive electrode by means of a 
mechanical rectifier of' the Lempe 
pattern, the large 'patches or clusters 
of coronal glow, which constituted the 
positive corona discharge, occupied 

nearly the entire cross-section of the „ ^ 

. Fig. 9—Precipitation 

^ Chamber 

Fig. 11 shows the wire as the nega- . 

tive electrode. In this case the coronal glow is very limited, 
in its depth radially, being at best only a few millimeters. 
Fig. 12 gives the appearance of the alternating-current corona. 

■ Comparing the cleaning action of the positive and negative 
corona discharges with that due to an alternating corona, the 
following values give an idea of the relative efficiencies of the 
three kinds of discharges: 

1. The alternating corona precipitates about 50 per cent of the 
suspended matter. 

2. The positive corona precipitates about 70 to 80 per cent of the 
suspended matter. 

3. The “negative corona precipitates about 95 to 98 per cent of the 
suspended matter. 






PLATE XVII, 
A..1. E. E. 

VOL. XXXIV, 1915 
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Fig. 6 —Open Circuit— No Precipitation 
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■ piG . 7 _Two-fifths Second After Closing the Circuit 
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Fig. 10—Positive Corona in Cyr.iNDiucAL Precipitator 
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Fig. 8—One Second After Closing the Circuit 

98 per cent clearance 












PLATE XIX. 
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Fig. 11 —Negative Corona in Cylindrical Precipitator 
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Fig. 12 —Alternating-Current Corona in Cylindrical 

Precipitator 
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The unfitness of the alternating-current corona discharges 
arises from the fact that the reversal of the polarity of the active 
electrode, at which the field is very intense, results in a greater or 
less reversal of the direction of motion of the electrons and ions 
which are already on their journey toward the walls of the pipes. 
By this action many of the ions are more or less partially pulled 
back into the central region of the pipe, and before they ever 
reach the walls or an equivalent distance from the wire, the 
smoke or dust particles thus charged may have been carried 
out of the pipe and thus do not suffer precipitation. 
With hot air passing through the precipitator, and with a nega¬ 
tive corona, the breakdown voltage is somewhere near 32,000. 
For cold air the voltage was slightly greater. With a positive 
corona the voltage was lower with both hot and cold air. Very 
little difference in the voltages, from those given for cold air, 
were detected in the use of cold smoke. 

With smoke so hot that tar trickles down the central wire or 
active electrode, and also down the pipe walls, the voltage had 
to be decreased from 33,000 to about 28,000, in order to prevent 
violent disruptive discharges. Unless there is much moisture 
present, or the ingredients in the gaseous streams are sticky in 
nature due to their high temperature, there will be but little 
deposit on the electrodes. In any event, such a deposit suffers 
a tendency to be dislodged due to the slight vibration of the wire 
or the occurrence of a disruptive discharge of short duration. 
This variation in voltage must be brought about by a hand or 
automatic regulation, in a very short time, in order to avoid the es¬ 
tablishment of an arc. If the impressed voltage is not too near the 
breakdown value, a disruptive discharge may continue for, several 
seconds and then break, giving way again to the silent discharge. 

The presence of fine points or irregularities on the inner walls 
of the pipes tends slightly to localize the discharge. Fine points 
due to hardened deposits, kinks in the wire, or rough spots on 
its surface very materially localize the discharge from the active 
electrode; and even though there may be many such local dis¬ 
charges, the cleaning action of such discharges is much below 
that of the perfectly uniform field about a smooth wire although 
it may have considerable deposit on it. 

Smoke, or other suspended particles contained in the gaseous 
streams, passes with considerable freedom from being precipitated 
through the positive corona, the alternating corona, or the 
localized type of discharge. 
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With the cylindrical pipe type of precipitator described, about 
the same efficiency of cleaning was obtained for a number of 
materials, such as ashes, alumina and cement dusts, fine powdered 
clay, sand, and hot and cold smoke. 

Applications of Electrical Precipitation 

A study of electrical precipitation processes and apparatus, 
applied to the cleafiihg of producer and blast furnace gases, is 
a field in its*ei£ of immense value to all interested in the steel 
industry^ We must adtnit that proper methods of firing furnaces 
whether plants, mills, factories, or our homes, and either 

by hatid or mechanical devices, will do a great deal to eliminate 
a large amount of our inexcusable smoke nuisance. However, 
there are many instances, where through limitations of furnace 
room space, equipment, etc., the furnace, fired by hand, or by 
a stoker, is called upon to do a duty two or three times its 
normal rating. Under such conditions an electrical precipitation 
outfit might be of service either continually or at intervals, 
because it will precipitate the ash as well as the carbon particles. 

The mechanical stoker, when properly used, eliminates very 
largely the carbon constituents of smoke by providing conditions 
of more perfect combustion, but it gives no aid in eliminating the 
discharge of ashes from the stacks of our mills and factories, or 
the chimneys of our homes. This item is one greatly in favor 
of the electrical precipitating processes when cleanliness as well 
as recovery of finely divided particles is the issue. 

Other methods which are non-electrical, and which have found 
more or less favor in removing suspended matter from gaseous 
and fluid bodies are: (a) Settling, (b) Centrifugal, (c) Wash¬ 
ing. (d) Filtering. 

Summary 

Electrical precipitation rnay be accounted for by considering 
the phenomena of ionization, and the laws of electrically charged 
bodies. 

A molecule or group of molecules of any substance in the neu¬ 
tral state constitutes a material system in electrical equilibrium 
under the action of its own component electrical charges and 
these component electrical charges are capable in an electrical 
field of becoming detached from each other and from the matter 
with which they are associated. 

Nature furnishes, on an enormous scale, an illustration of the 
first steps in the electrical precipitation processes as well as the 
actual precipitation of suspended matter itself. 
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The addition of an electron to a molecule or a group of mole¬ 
cules, or a particle of finite size, such as a dust or smoke particle, 
gives rise to a negatively charged ion or negative aggregate, 
which will be acted upon by an electrical field. 

When an electron has been removed from a molecule, a group 
of molecules, or a material particle, it gives rise to a positive 
ion, or aggregate, which, while it exists, will travel toward the 
negative electrode. 

The size of the charge on the negative or positive ion depends 
upon the number of electrons which have been added to or re¬ 
moved from the molecule, group of molecules, or material particle. 

Raising the temperature of a gas increases its electrical conduc¬ 
tivity ; a larger number of ions of one or both kinds is present, and 
these gaseous ions, independent of the ions which may be formed 
from matter held in suspension, serve as conveyers of electricity. 

Ions may become the centers about which aggregates will be 
formed; and from this view-point we may account for the ele¬ 
vation of potentials by the forming of the aggregates, and the 
lowering of the potentials by splitting them up. 

The principal ionizing agents are Roentgen and Becquerel 
rays, cathode and other rays, the electric field, heat, flames, ultra¬ 
violet light, and chemical action. The most prominent of these 
ionizing agents in electrical precipitation are heat, the electric 
field, cathode rays, and chemical action. 

When the temperature is sufSciently high to produce a red 
or white heat the velocity of some of the electrons becomes so 
great that they are able to escape from the metal, thus all hot 
and incandescent surfaces become the seat of a more or less 
intense stream of electrons and positive and negative ions. 

This ionizing action of high temperatures has some effect on 
the migration velocities attained by the particles sus.pended in 
a gas, when they come into an electric field. 

At low temperatures, gases, as well as their suspended matter, 
may have little or no initial ionization, consequently the electrical 
conductivity is practically the same in either direction, and the 
suspended matter suffers little or no tendency to travel in 
the direction of the field. 

For equal flow of current through gases, between two elec¬ 
trodes, the relative dimensions and positions of the electrodes 
and their polarities, will determine the potential under which the 
electric field must be established to give the most efficient pre¬ 
cipitation. 
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The electrical precipitation of suspended solid or liquid par¬ 
ticles of the non-conducting type depends upon the intensi y o 
the electric field, the quantity of gas to be treated and its tem¬ 
perature, the degree of initial ionization, and the type of corona 


discharge employed. , 

Very little if any difficulty is experienced m_ treating soft coal 

smoke if the temperature is low enough, and little or no deposi 


forms on the electrodes. i+ 

The use of the negative corona, while somewhat more difficult 

to maintain as judged by the coronal glow,-—as the breakdown 
voltage is approached, is the most effective in precipitating par¬ 
ticles in gaseous streams; and this is no doubt largely due to the 
high electronic and ionic velocities associated with this type o' 
corona discharge, or electric discharge in general. 

Any roughness or fine points on either of the electrodes of a 
precipitator tends to localize the discharge, and through such 
fields the particle-laden gaseous streams may pass without 
suffering precipitation of the suspended matter to the same ex- 

tent as when the field is uniform. ^ ^ ^ 

Two important fields of application for electrical precipi¬ 
tation, provided the liabilities of danger are eliminated, are in 
connection with the cleaning of producer and blast furnace gases. 

Electrical precipitation of soft coal smoke takes care of the 
ash as well as the carbon products. 
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PRACTICAL APPLICATIONS OF ELECTRICAL PRECIPI¬ 
TATION AND PROGRESS OF THE RESEARCH 

CORPORATION 


BY LINN BRADLEY 


Abstract of Paper 

The technical and financial progress made by the Research 
Corporation since its organization in 1912 is given, and several 
plants are described. Voltages, electrode spacings, power con¬ 
sumption, etc., are given for several installations. Mention is 
made of a number of improvements in the electrical apparatus 
and means for its control. Progress has been made towards 
standardization of apparatus for this work. 

The paper is illustrated with reproductions from photographs 
of installations in various stages of operation. Curves and charts 
show the peculiar character of the^circuit, the method of obtain¬ 
ing data to be used in designing precipitators and of conducting 
tests. Alternating current of 250,000 volts has been rectified and 
used for precipitating particles from gases. Fumes have been 
separated into fractions by means of temperature control and 
the electric processes. 

A selected bibliography is included. The statement is made 
that within three years’ time the original capital of $10,100 has 
been paid back: to the stockholders, and that a fund of over $150,- 
000 has been accumulated from the corporation’s work, to be 
used for scientific research. 


I N CONNECTION with the development and administration 
of processes for removing from gases finely divided particles 
suspended therein, the Research Corporation has not only 
devoted considerable time and effort to a consideration of the 
theories, but also has endeavored to adapt them successfully to 
a‘great variety of practical conditions, and to further strengthen 
and standardize the art. The history and theories of electrical 
precipitation have been described elsewhere,* so it is not neces¬ 
sary to review them in this paper, and moreover, it is undesir¬ 
able to do so because of the wide field to cover in recording the 
practical and commercial results already achieved. 

The article by Dr. F. G. Cottrell, appearing in the annual 
report of the secretary of the Smithsonian Institution for the 
year 1913, gives an excellent outline of the work up to the time 
when the report was prepared. The present paper aims to 

*See selected bibliography at end of this paper. 
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cover broadly the work to date, including many things not 


given in previous articles. 

The task of solving the numerous technical problems encoun- 
tered h“ bL so eLting of time and effort that heretotc.ro 
it was considered best to refrain from publishing the results of 
the work and information as to our progress until^ the processes 
had been proved and the organization and financial position of 
the corporation were advanced sufficiently to insure its commei - 
cial stability. The invitation to present a paper was finahy 
accepted not only because sufficient progress of a very definite 
nature had been made to warrant some statements, but also 
because a report upon the progress and developments would 
prove to be interesting and valuable to membeis of this Institute. 

The experimental work and the theoretical phases of electiicuil 
precipitation are replete with many interesting facts and also 
with apparent facts; it is these latter which sometimes ])ic)yc 
to be dangerous pitfalls. The difference between a succcssinl 
and an unsuccessful installation is often very slight from an 
electrical engineer’s point of view, whereas the vaiious othci 
chemical, metallurgical and mechanical engineering featuics aic 
often much more difficult of solution. Partly for these iCcisons 
we consider that the knowledge and experience, gained through 
close association with a wide range of practical applications, aic 


among our greatest assets. Of course it is to be expected that 
improvements and refinements will continue to be made iioin 
time to time, but it hardly seems likely that radical departures 
from present fundamentals will be made in the near future. As 
is usual in all pioneer work, the valuable theories and formulas 
will probably follow the practical application. 

Probably a great majority of the Institute’s members are 
aware that high-potential electricity was employed for deposit¬ 
ing or condensing particles suspended in gases many years ago, 
and that the accompanying phenomena could readily be demon¬ 
strated in the physicist’s laboratory. Nevertheless it is a fact 
that use of the high-tension electric field for this purpose was 
not made commercial until in recent years, and that full credit is 
due Dr. F. G. Cottrell for having made this possible. In this 
connection the following remark is pertinent to a comparison of 
theory and industrial application. A well-known chemical 
engineer, who invented some valuable processes and has made 
them commercially successful, has stated that after one has 
completely solved all of the problems which it is apparently 
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possible to solve in a laboratory, and has obtained comprehen¬ 
sive patents and has thoroughly studied the conceivable theories, 
and is therefore likely to consider his work almost finished, he 
is rudely awakened when confronted with the cold, hard fact 
that fully 90 per cent of the real work remains to be done. It 
may not be possible to estimate a similar relation between 
theory and practise in connection with electrical precipitation, 
but it is certain that the practical and commercial end has 
demanded an enormous amount of time and effort. The variety 
of problems and conditions, in connection with which requests 
have been made for application of the processes, has been very 
extensive, as one can readily observe from the information given 
in a later part of this paper. Nearly every problem which has 
been investigated by us has required- that engineers of our staff 
not only fully understand our own processes but also be well 
acquainted with other details of the operations conducted at 
the plant in question. 

The Research Corporation was organized in New York City 
early in 1912, one of its specific duties being to administer the 
electrical precipitation patents assigned gratis to it by Dr. F. G. 
Cottrell and his associates, E. F. Heller, Edmund O’Neill, and 
H. E. Miller. The reader is referred to Dr. Cottrell’s articles 
for the details of the gift and the corporation’s purposes and 
aims.* The total capital paid into the treasury was |10,100, 
out of which all expenses for organization, office equipment, sal¬ 
aries, etc., had to be paid until income was obtained from the 
practical application of the processes. Since the stockholders were 
prohibited from ever obtaining any profits from their holdings, 
it was considered unwise to administer the work along lines which 
might compel the corporation to request more subscriptions to 
its stock. Also, for similar reasons, our operations were so con¬ 
ducted that no financial obligations would accrue to either the 
stockholders or the directors. Therefore, one of the requirements 
of our early contracts was that the client had to pay all expenses 
incident to our work upon his problem, and in addition thereto 
had to pay us certain stipulated sums of money for technical 
services. While this was not the ideal arrangement, nevertheless 
it should be realized that the adoption of this policy made it 
possible to prove and stabilize the process without resorting to 
the further sale of shares of stock. This latter feature was 
especially desirable because the founders of the Research Cor- 


*See selected bibliography at end of this paper. 
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poration, and especially Dr. Cottrell, desired to demonstrate 
and to emphasize the fact that a large sum of money was un¬ 
necessary for establishing the corporation and making it a finan¬ 
cial as well as a technical success. Another idea was that the 
industries benefited by the work of the corporation should con¬ 
tribute to the support of such an altruistic movement. Results 
have amply proved the correctness of these contentions and all 
parties who have assisted so earnestly and ably are entitled, to 
hearty thanks for their generous support. 

The technical situation in the electrical precipitation field in 
March, 1912, was about as follows: 

A commercial installation was precipitating sulphuric acid 
mist at the Selby smelter in California,* having been in success¬ 
ful operation for at least two or three years. This installation 
was designed and its construction supervised by Dr. F. G. Cottrell, 
assisted by Mr. H. A. Burns. It has been in steady operation 
ever since. 

Another installation had been made for handling lead roaster 
gases at the Selby smelter, but it was not continued in operation, 
due primarily to the fact that the farmers still complained of the 
sulphur dioxide which passed through the treaters as a gas, and 
of course could not be removed by this process. 

Some experiments* had been conducted by Dr. Cottrell, as¬ 
sisted by Mr. Burns, at the Balaklala smelter in Shasta County, 
California, and a large installation had been subsequently made^ 
for treating all .the gases passing through the main flue. The 
smelter was shut down and abandoned, pursuant to a court 
order obtained by the farmers and likewise based on the sulphur 
dioxide concentration in the stack gases. Before final testing 
and adjustments had been made this installation removed from 
80 to 90 per cent of all solids and it is reasonable to expect that 
this percentage could and would have been increased consider¬ 
ably had operations continued. Recent experience with similar 
problems certainly warrants such a statement. 

Mr. Burns had superintended some experiments in a sulphuric 
acid plant at Bayonne, N. J., the object being to remove dust 
from the hot burner gases. Experience with details of the processes 
was far more limited then than now and the tests were discon¬ 
tinued before conclusive results had been obtained. It may be 
of interest to note that we recently undertook this same problem. 

*See selected bibliography. 
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at another plant with successful results, so that a commmercial 
installation is now to be made. The difference between the 
results in the respective cases was due more to mechanical rea¬ 
sons than to any inherent features of the electrical precipitation 
processes. 

Dr. Cottrell and his associates had successfully employed 
high-potential electricity for separating emulsified’ water from 
California crude oil, but as these patent rights are not a part 
of the Research Corporation’s holdings, no further mention, will 
be made of them in this paper. 

Mr. Walter A. Schmidt* had undertaken to adapt the electrical 
precipitation processes to the collection of cement dust at the 
Portland cement plant near Riverside, California, and early 
in 1912 had made excellent progress, having up" to that time 
installed one complete precipitator handling the gases from one 
rotary cement kiln. Ten units are now in continuous operation 
at that plant, collecting in the neighborhood of 100 tons of dust 
daily. 

After experimental work had progressed satisfactorily at 
Riverside, and the Balaklala smelter had ceased operating be¬ 
cause of the sulphur dioxide controversy, Messrs. Howard and 
Rathbun, and later, Mr. Barker, conducted experiments with 
the electrical precipitation processes at the Garfield smelter of 
the American Smelting and Refining Company, the immediate 
problem being to remove the solids from the gases coming from 
copper matte converters. These gases carry a considerable 
quantity of lead compounds together with other metal values, 
the principal object of the fume collection being to save these 
values. When the Research Corporation was organized, the 
work at Garfield was still in the experimental stage. During the 
summer and fall of 1914, a large installation at Garfield was com¬ 
pleted and the entire volume of converter gases is now being 
successfully treated, with a reported collection of over 95 per 
cent of the suspended matter. The Garfield installation is in 
the territory controlled by the Research Corporation. 

The above condensed record shows the extent to which the 
electrical precipitation processes had been developed when work 
was started in the eastern part of the United States by the 
Research Corporation. 

It seems strange, at first thought, that the electrical precipi¬ 
tation processes were first successfully used in a commercial way 

*See selected bibliography. 
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for the precipitation of sulphuric acid mist, which had previously 
been, and even to this date is, one of the most difficult materials 
to collect by ordinary methods. This mist, which consists^ of 
extremely small drops of sulphuric acid, generally containing 
some free water, is handled with comparative ease by the elec-, 
trical precipitation processes. 

The following brief statement is made at this point foi the 
benefit of those who may not be fully informed as to the funda¬ 
mental methods employed in electrical precipitation. To lemoA^e 
from gases either solid or liquid particles carried in suspension 
therein, the present method is to subject the gases and suspended 
particles to the action of a strong electric field maintained 
between so-called “collecting electrodes” and dischaige elec¬ 
trodes,” the latter being insulated from the former and connected 
to a suitable source of high electric potential. Alternating 
current fails to give the kind of field most desired, therefoic the 
polarity of the electrodes is kept fixed, the current flowing be¬ 
tween them through the gases being unidirectional. Ihis is 
accomxilished in practise by stepping up single-phase alternating 
current to an effective potential of say 75,000 volts, then chang¬ 
ing this high-potential alternating current to high-potential uni¬ 
directional current by means of a suitable rectifier and delivering 
the rectified current to the discharge electrode of the preeiju- 
tator. The gases are rapidly ionized and the suspended charged 
particles under the action of the electrostatic field are forced to 
the collecting electrodes. Maintaining the discharge electrodes 
negative with respect to the collecting electrodes is the general 
practise. By use of a specially designed rectifier 250,000 volts 
a-c. has been successfully rectified and efforts are now under way 
to raise this figure to a much higher value. However, the diffi¬ 
culties encountered in handling such pressures are so many that 
they may not come quickly into commercial use, at least in the 
immediate future. 

The potential difference between electrodes up to 1912 seldom 
exceeded 50,000 r. m. s. volts. In some instances the potentials 
employed were relatively low and a brush discharge or corona 
was not readily obtained unless a pubescent surface was employed . 
This type of discharge electrode is used at present in certain 
cases, but in most of the problems it is not considered necessary 
because of the higher potentials now in general UvSe. 

The electrical equipment must be of such design and construc¬ 
tion as to be suitable for the circuit conditions peculiar to the 
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process and mast be compact, economical and fool-proof. The 
precipitator proper, which contains the discharge electrodes and 
collecting electrodes past which the gases travel, must be of 
such material and construction that corrosive gases, if present, 
cannot injure it. It is good practise to design the precipitators 
of ample proportions, with ready access to the electrodes and 
insulators, and with due regard to the methods of conducting 
the gases into and out of it and to the location of flues, furnaces, 
stacks, buildings, etc. Under some circumstances it is desir¬ 
able to treat the gases while traveling horizontally, while in 
others a vertical gas flow should be adopted. Sometimes special 
types of electrodes must be employed, but the variety of prob¬ 
lems and conditions is so great that it is not considered desirable 
to endeavor to prescribe any general rules in this regard. 

The precipitators must be so arranged that the dust, fume or 
liquid may be readily removed after deposition. In some prob¬ 
lems a leakage of air into the gas to be treated is not harmful, 
while in others, such as the cleaning of burner gases in sulphuric 
acid manufacture, dilution due to air 'hnleakage” is objectionable. 

A partial record of the results obtained since 1912 is given 
below. 

The first problem undertaken by the Research Corporation was 
to recover the valuable fumes from silver refinery gases at the 
Raritan Copper Works, Perth Amboy, N. J., after they had 
passed through a water scrubber which was supposed to recover 
practically all of the values. In this installation very corrosive 
gases were encountered. Many materials of construction were 
experimented with—-even ductile tungsten, which at that time 
(1912), was not readily obtainable. The construction problem 
was finally solved by the use of heavy cast iron in parts and a mix¬ 
ture of lead and antimony for other parts. Insulation and draft 
trottbles were also encountered but they were finally overcome, 
with the result that the installation has already saved several 
thousand dollars’ worth of valuable fume. The power consump¬ 
tion is about 2.5 to 3 kw. and the voltage averages about 35,000. 
Recently an additional precipitator unit with 18-in. diameter 
pipes as collecting electrodes was installed. This operates very 
successfully and marks a distinct advance over the old type of 
precipitator in several respects. The electrical equipment used 
in connection with this new unit consists of adO-kv-a. motor- 
generator set, a 10 kv-a. 25~cycle single-phase, 100,000-volt 
transformer and a large rectifier. Occasionally some of the 
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deposited fume, which is a good conductor of-electricity, drops 
between the electrodes and draws a heavy arc. This ^ise t 
cause the automatic circuit breaker to open and an auxiliary 
circuit to ring a bell and notify the attendant. A relay panel 
has been devdoped which prevents frequent tripping of the 
breaker by automatically introducing resistance in the low- 
tension circuit upon the occurrence of an arc in the predpitaton 
This device has rendered operation much more continuous and 

has therefore increased the values recovered. • 1 . 1 , 

Considerable work has been done at the plant of the Balbach, 

Smelting and Refining Company, on gases from cupel fiimac®s. 

Satisfactory results have been obtained in tests conducted with 
a small precipitator, and a large installation to handle the entire 
volume of gases will be installed in the near future. The volume 
of gas to be treated is about 10,000 cu. ft. per min.; 12.in. dia¬ 
meter pipes, 20 ft. in height, will be used for collecting electrodes 
and No. 10 jack chain for discharge electrodes. 

■ Opinion was widdy divided as to the probability of success¬ 
fully adapting the processes to Waterside statiqn No. 2 of the 
New York Edison Company, the problem being to remove cinders 

from the boiler plant gases. Nevertheless, for various reasons, 
efforts were made, and the conclusion was reached that there 
was not suffident available space for predpitators in the build¬ 
ing to insure successfully treating all the gases, espedally With¬ 
out impodng piphibitive restrictions upon the draft. Tests 
with a small predpitator showed that the dnders could be re¬ 
moved while moving at a velocity between 5 and 10 ft. per sec. 
without n.<tiTi g water and that, they could be predpitated at a 
considerably higher gas velocity when water was used. 

Our tests at the plant of the Orford Copper Company, on a 
cm flit scale, were successful. Various kinds of gases were treated 
and many data obtained which will be useful if a large installa¬ 
tion is ihade. The various flues, stacks, etc., were studied and 
plans and specifications for equipment to handle all the gases 
were prepared and submitted with our report. The values re¬ 
coverable from the gases apparently are not suffident to warrant 
the heavy installation expense; therefore, before deciding to 
incur the finandal risks incident to such a large installation, 
espedally when only an alleged nuisance was involved, it was 
dedded to await further developments. It is quite possible that 
a large installation will eventually be made at this plant. 

At theplant of the Hooker Electrochemical Company, a large 
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I _Exhaust Flue from the Treater at the Hooker Electro¬ 

chemical Company’s Plant at Niagara Falls, N. Y. Voltage Off. 



Fig. 2—Exhaust Flue from the Treater 

CHEMICAL Company’s Plant at Niagara Falls, N. Y. Vol . 
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Fig. 3—Bureau of Mines Treater—Pittsburgh, Pennsylvania 
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Fig. 4—Top of Stack—Bureau of Mines 
Treater, Pittsburgh, Pa.—Voltage Off 
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Fig. 5—Top of Stack— 
Bureau of Mines Treat¬ 
er, Pittsburgh, Pa. — 
Thirty Seconds after Ap¬ 
plication OF Voltage to 
Treater 
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Fig. 6— Top of 
Stack—Bureau of 
Mines Treater, 
Pittsburgh, Pa.— 
Several Seconds Off 
after Voltage is 
Cut Off 
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OF Stack- 


Fig. 7—Top 
Bureau of Mines Treater, 
Pittsburgh, Pa.—Voltage 


[br.adley] 

Fig. 8 — Top of 
Stack—Bureau of 
Mines Treater — 
Pittsburgh, Pa.— 
Voltage On 



9 —General View of Treater at Garfield, Utah [bpadle\] 













PLATE XXIII. 

A, I. E. E. 

VOL, XXXIV, 1915 



[BRADLEY] [BRADLEY] 

Ftg. 10 —Experimental Treater AT Fig. 11 —Experimental Treater at 

Tooele—Voltage Off Tooele—Voltage On 
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Fig. 12 —Treater for Goldschmidt Detinning Company 
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volume of air, containing a small percentage of chlorine gas, is 
treated for the removal of the latter. Hydr^ed lime dust is 
used to assist in the removal, and a few tons per day of weak 
bleaching powder are collected. The volume of gas is about 
30,000 cu. ft. per min., with a power consumption of from 3 to 
5 kw. Weak bleaching powder, chlorine gas and hydrochloric 
acid are not conducive to a simple insulation problem, as can 
readily be imagined; nevertheless it was successfully solved, and 
for potentials as high as 50,000 volts. In this case our most diffi¬ 
cult problems have not been concerned specifically with the 
electrical processes, but, on the contrary, have been to obtain a 
steady introduction of hydrated lime into the gas. 

Tests have been conducted on the gases from a hand-fired 
80-h. p. boiler at the U. S. Bureau of Mines, Pittsburgh, Pa., for 
the elimination of black smoke. The removal of the smoke 
particles is accomplished quite readily, but the question of the 
removal of the collected soot from the electrodes is still under 
consideration and some, further tests are to be made. As is to be 
expected, the results obtained thus far indicate that it is best 
to prevent formation of smoke whenever feasible, and not adopt 
methods for collecting it. But it should be noted that there are 
many places where, for local reasons or for immediate economy, 
it would be advantageous to install the electrical precipitation 
processes. The precipitator at the Bureau of Mines has twelve 
iron pipes 12 in. in diameter by 12 ft. long, through which the 
gases pass. The high-tension electrodes are wires hung in the 
vertical axis of the pipe. A pressure of about 50,000 volts is 
used, and the power consumption is approximately one kw. 

Fig. 3 is reproduced from a photograph which shows the 

general arrangement of the treater. 

Figs. “4, 5, and 6 show the effect of the electric field upon the 
smoke, the first showing the effect when the electric circuit is 
open, while Fig. 5 shows conditions 30 seconds after the voltage 
has been applied. Fig. 6 plainly illustrates how the smoke 
began to show itself at the stack top when the circuit was opened. 
Figs. 7 and 8 show the voltage off and voltage on. Mr. A. F. 
Meston had charge of the details of this installation. 

The treating of gases from sintering machines and roasters at 
Salida, Colorado, was considered, but the tests made in the latter 
part of 1912 did not indicate that the values in the gases at the 
time were sufficient to warrant the expense of an installation. 
The plant management had been endeavonng to reduce their 
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five-in. pipes, into the upper header, then through the long 
radius pipes into the main flue, which also carries gases from 
other parts of the smelter. The photograph was made prioi 
to actual connection of the flue to the new stack which is in the 

right background. ^ ^ i , 

The small precipitator used early in the testing work at Gar¬ 
field was subsequently shipped to Murray, Utah, and tests 
were conducted at the lead smelter with excellent results. The 
smelter already was equipped with a large and expensive bag- 
house, and for this reason it was not necessary to install the 
electrical processes immediately. The analytical results shuwed 
nearly 100 per cent clearance of the suspended particles of fume 

and acid 

At Tooele, Utah, small-scale tests were conducted on gases 
from sintering machines, carrying large amounts of lead, ele¬ 
mentary sulpLr, etc., and upon gases from roasters, converters 
and blast furnaces. In all cases the results were satisfactory. 
Two large units are now in successful commercial operation on 
the sintering machine gases and it is planned to install several 
others on these gases as soon as possible, and later to install 
precipitators on other flues at this plant as well. Each of the 
two units contains 48 pipes 12 in. in diameter by 15 ft. long, 
placed vertically. The electrode spacing is six in., the volume 
of gas treated is approximately 20,000 cu. ft. per min., the power 
consumption measured at the transformer at present is less than 
five kw., and the recovery of fume, when the treaters are not 
overloaded by forcing the blowers at the sintering machines, is 
practically complete. The fume contains a fair percentage of 
elementary sulphur, which formerly wrought havoc with bag- 
house installations, especially when it exploded. The potential 
on the treater, as indicated by transformer ratio • and primary 
voltage, is about 70,000 volts. At this plant also some changes 
in the metallurgical operations have resulted in a considerable 
reduction of the values lost in the fumes, hence the electric 
processes are not called upon to recover as much as was being 
lost a year or so ago. Figs. 10 and 11 picture the small precipita¬ 
tor operating on these gases, and show the effect produced by the 
current. Mr. H. A. Burns has directed the detail work connected 
with the processes at this plant and he has been ably assisted 

by the smelting company’s technical men. 

Without having conducted any preliminary tests, a full-scale 
precipitator was designed and placed in operation for the Gold- 
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15—Eighty-Ton Leaching Plant Electrical Fume Precipitator 

Current on 
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16—Eighty-Ton Leaching Plant Electrical Fume Precipitator 

Current Off 
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Schmidt Detinning Company’. The necessary alterations were 
very few and unimportant before a complete recovery of the tin 
compounds was being effected. The temperature of the gases 
sometimes reaches 800 deg. fahr. in the precipitator itself. 
Occasionally the white fumes and black coal smoke alternate. 
One can then observe the successive layers of white and black 


fume precipitated upon the electrodes and by this means can 
determine if the gas velocities in all compartments of the pre¬ 
cipitator are practically equal. There are nine 12-in. irpn pipes, 
the voltage ranges from 60,000 to 80,000 volts and the power 
consumption is from 600 to 1500 watts. Figs. 12 and 13 show- 
a precipitator and some of the electrical equipment. 

An inexpensive precipitator was installed for the Milk Flour 
Company, which is used for precipitating powdered milk, sugar, 
eggs, malt, grape fruit juice, etc. The powders are obtained 
from an evaporating plant wherein solutions, emulsions, etc., 
are deprived of their water content by spraying the liquid into a 
current of hot air. The powder is removed from the gas before it 


■cools sufficiently to allow deposition of the evaporated moisture. 
Excellent powdered organic materials are recovered in this 
manner at a small expense. A small electrical precipitator was 
subsequently installed for removing dust from the air entering 
the evaporators, thus insuring a food product free from dirt. 
Fig. 14 is a general view of the precipitator. 

A precipitator was installed at the Washoe Smelter, x\naconda, 
Montana, to be used for removing valuable metals and acids 
from gases arising from a modified MacDougal roaster, in which 
the Anaconda tailings were being subjected to an oxychloridizing 
roast. {Btclletin of A. I. M. E., August 1914.) The gases at 
that time were being passed through a scrubbing tower without 
obtaining a complete recovery of the values. The electric 
apparatus and treater were quickly erected and tried out, but 
at first with what were apparently unsatisfactory results. . s 
similar phenomena had been encountered elsewhere, it was soon 
possible to show that the cloud emerging from the treater waa 
due to moisture being condensed from the gaseous to the liquid 
condition when the escaping gases mixed with the cold air. it 
was also noted that if the furnace fires were Poked so as to 
produce black smoke, no black could be discerned in the c ou ^ 
above the precipitator when the electric 

was plainly visible when the circuit was opened—the difference 
between the white cloud (current on) and the dark ^ 
(current off) being very pronounced, thus giving a good ind 
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tion that all solids were being collected. The temperature of 
the gases going to the precipitator was thereupon so reduced 
that no cloud would result after the gases had passed through. 
The results then showed a complete clean-up when the current 
was on and a dense white cloud above the precipitator when it 
was off. Some photographs were taken to show the effect and 
also the suddenness with which the electricity produced it. 
Some very good moving pictures of these fogs or clouds and their 
elimination were made at this time. Twelve-in. diameter lead 
pipes, 20-in. diameter wood stave pipe, and 24-in. diameter stone¬ 
ware pipes were tested and all proved successful. It was in¬ 
teresting to view the tops of the pipes while in operation. One 
could see an absolutely clean gas immediately above the pipe 
outlet and it could be readily observed how the fog was produced 
in a manner similar to the cloud formation when exhaust steam 
leaves a locomotive stack on a cold and humid day. The name 
tea-kettle effect ” has been suggested for lack of a more 
appropriate and shorter term. 

Examples of this effect have been frequently noted during 
tests elsewhere. The amount of mist ’’ formed after the gases 
were discharged from the precipitator varied with the tempera¬ 
ture and humidity of the outside air. A typical calculation of 
such a condition will illustrate this point: 

In a test treater handling 1800 cu. ft. of air per min., at a 
temperature of 152 deg. fahr., or 117 lb. of gas per minute, the 
air is saturated at 152 deg. fahr. (standard barometer) and 
carries 0.224 lb. of moisture in the vapor form per pound of air, 
or a total of 26.2 lb. of moisture per minute. 

Assuming an outside air temperature of 42 deg. fahr. and 60 
per cent saturation, and a sudden cooling of the discharged air 
to 52 deg. fahr. by mi/xing with the outside air, the heat transfer 
is as shown by the following equation: 

(117) X (0.24) X (152° -52°) + (26.2) X (0.46) X (152° - 
52°) == (X) X (0.24) X (52° - 42°) 

Where the specific heat of the air = 0.24 

the specific heat of the water vapor = 0.46 
X — lb. outside air per minute necessary to be mixed with 
the discharged air (neglecting radiation) to effect the cooling 
to 52 deg. fahr., and equals 1670 lb., then the amount of moisture 
per lb. mixed discharged and outside air is 


1670 X 0.0056 X 0.6 + 26.2 
1670 + 117 


0.0179 lb. 
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But the saturation point of air at 52 deg. fahr. = 0.008 lb. 
moisture per lb. air, so a mist or “ fog '' will form just above 
the top of the pipes. 

This “ fogging out ” has been encountered repeatedly in prac¬ 
tise. When tests are made during the winter season, a visible 
mist is formed after the gases are discharged from the precipita¬ 
tor, when warm saturated gases are being handled. During the 
periods of dry and warmer weather, the “ fogging out ” is greatly 
decreased. 

In other cases, where the temperature of the discharged air, 
saturated with moisture, is only a few degrees above that of the 
outside air, no mist or fog is produced. It is possible to predict 
from calculations made in a similar manner whether or not a 
mist or fog will be produced under any given conditions. 

It is further possible to show by calculations whether mixing 
two or more gases, varying in temperature and in percentage of 
saturation, in given proportions prior to passing through the 
precipitator, will avoid this formation of a mist or fog, when the 
discharged gases mix with the outside air. 

The processes were used for some time at Anaconda to check 
up the furnace losses, as they could be depended on to precipi¬ 
tate all solid matter in the gases. Plans were being prepared for 
a large installation at the proposed leaching plant, but later 
improvements in roasting and leaching made it unnecessary to 
add salt to the roaster and this in turn reduced the losses to such 
an extent that it was considered unnecessary to recover the fume. 

Immediately after the leaching plant tests had been con¬ 
cluded an installation of the processes was made at the arsenic 
plant, where flue dust is roasted to remove the arsenic from the 
metal values, and then the concentrated arsenic is recovered 
and refined. The plan was to separate the mechanically carried 
impurities from the gases at a high temperature, next cool the 
gases so as to condense the pure arsenic, and then recover it 

directly, thus saving a second refining. 

This was the first really serious effort made to use electrical 
precipitation as an adjunct in fractionating components of fume, 
although some previous attempts had been made at Perth Am¬ 
boy, N. J., in our work there on the silver refinery fumes. The 
results at the arsenic plant showed conclusively that it w^as a 
feasible method and after sufficient data had been obtained, a 
commercial installation was designed and started. Construction 
work was suspended on account of the situation resulting 
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from the European war and this installation has therefore not 
yet been completed; although reports state that it is now going 
forward. 

Messrs. Elton, Dunn,* Kellogg and Mitchell have been hand¬ 
ling the work at this plant during the latter period. They have 
also tested the processes on a semi-commercial scale on the gases 
from the blast furnaces, converters and roasters, and have 
obtained satisfactory results. They have even exceeded in 
size the three-ft. pipe originally installed at the arsenic plant, 
by using an iron pipe four ft. in diameter as the collecting elec¬ 
trode, and a 250,000-volt transformer and mechanical rectifier 
to correspond. 

Treating the enormous volume of gases in the main flue at 
Anaconda presents several problems. In addition to magnitude, 
there are numerous problems connected with the handling 
of the fumes and dust and their metallurgical treatment, so 
that it will be some months at least before any very definite 
progress can be reported. However, the results thus far obtained 
were so encouraging that the smelting company purchased a 
license for the use of the processes throughout their plants at 
Tooele, Great Falls and Anaconda, and they are now in a position 
to make rapid progress with their installations. Figs. 15 and 16 
show the experimental leaching plant at Anaconda and the elec¬ 
tric precipitators under various conditions of operation. Figs. 17 
and 18 show how completely the fume is precipitated by the elec¬ 
tric processes, the views showing respectively the “voltage on” 
and “voltage off” effects. The fume contained, among other 
things, hydrochloric acid, sulphuric acid, dissolved sulphur diox- 
ide, carbon, compounds of copper, silver, iron and arsenic. Figs. 
19 and 20 show the rapidity with v/hich the processes act. In 
the latter a clear space is visible between the tops of the pipes 
and the cloud of fume above, the film having been exposed very 
quickly after the current was thrown on. Although this fume 
is an excellent conductor, no difficulty was had with the insula¬ 
tion. A potential of 63,000 volts (as calculated from trans¬ 
former ratio and primary voltage) was maintained on the pre¬ 
cipitator. 

Fig. 21 shows various features of the first installation at the 
arsenic plant, the hot gases being treated in the three-ft. iron 
pipe to remove the solids, and the smaller and shorter pipe being 
used to precipitate a fair sample of the ar senic condensed out 

*See selected bibliography. 
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Fig. 17—Anaconda Copper Mining Company—Treater at Experi¬ 
mental Leaching Plant—Voltage Off 



Anaconda Copper Mining Company Treater 
perimental Leaching Plant 1 oltage 


Fig. 18 
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Fig, 19— Anaconda Copper 
Mining Company Test Treater 
—Voltage Off 
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Fig. 20-—Anaconda Copper 
Mining Company Test Treater 
—Immediately After the 
Application of Voltage—Good 
Example of the Rapid Change 
between Fumes and Clear Gas 
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Fig. 21—Experimental Treat- Fig. 22—Electrical Equip- 
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of the gases when cooled by admission of room air. The first 
test gave a precipitate in the second treater carrying 99.4 per 
cent arsenic trioxide. A i^ortion of the impurity was due to 
volatile compounds from the wood used for fuel. Coke iuei 
in place of wood gave arsenic of a higher purity, sometimes reach¬ 
ing 99.9 AS 2 O 3 . The electrical equipment is shown in Fig. 22. 

At this point it may be interesting to review some tadiccii 
differences which we have observed due to certain predeieniiiiied 
changes in the gases, although the precipitator and elec trie, a i 
apparatus were the same in all tests. 



Transformer 

Transformer 

voltage 

voltage 

high-tension 

low-tension 

(by ratio) 

190 

26,000 

190 

26,000 

190 

26.000 

235 

32.000 

235 

32.000 


Watts 
input to 
transformer 


Milamperes 
line to 
precipitator 
(d-c.) 


100 

180 

740 


1.0 

4.0 

19.0 


930 

1600 


18.0 
35.0 


In neither of the above tests was the potential raised to tlie 

point of spark-over, but the following figures taken frc.ni aautlu. 

L of tests show plamly the difietence in the " 

which can be passed in a siven ^ rit' 

potential reached just before J war W 

factor changed was that m the latter case the .as 

modified or conditioned. ^ crxirhino- ' ' 

Readings taken at voltage ]us un er 


""iitiai 


Voltage 
high-tension 
(by ratio) 

Milamperes 

high-tension 

d-c. 

1 


61,000 

80.000 

3.25 

10*. 5 

Gases unconditioned 
Gases conditioned 

i---—- 


^-u i- ic difficult, if not impossible, 

It will thus be seen that itys ^ 

predict what the power consumption and « - 
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specified gas until actual tests have been made. The consider¬ 
able variety of gas conditions already encountered has made 
it possible to divide gases into classes. Furthermore, methods 
have been developed whereby a close approximation to the 
required power and voltage may be obtained from the results 
of small-scale tests. 

With a large precipitator containing many electrodes the effect 
of the corona load upon the transformer is different from an 
ordinary resistance load, in that above a certain point the current 
flowing through the gas between the electrodes increases more 
rapidly with a given rise in potential than would be the case if 
the electrodes were shunted by an ordinary high resistance. For 
these reasons it is best to employ certain potentials and electrode 
arrangements for certain gases, and others for gases having 
different characteristics. Also the mechanical handling of the 
collected material must be duly considered when designing a 
precipitator. 

Other problems upon which tests have been made with the 
processes are mentioned below. The most recent installation 
was made in Worcester, Mass., at the North Works of the Amer¬ 
ican vSteel and Wire Company, for collecting volatilized hydro¬ 
chloric acid, thus mitigating or eliminating a nuisance and 
preventing further damage to surrounding vegetation. No 
experimenting was required on this installation, thus testify¬ 
ing to the thoroughness with which the preliminary survey was 
made before designing the apparatus. The exit gases are so free 
from acid that it is almost impossible to detect a trace of it, even 
by delicate chemical methods. Table I gives the results of some 
tests on this installation conducted by the engineers of the 
American Steel and Wire Company. The precipitator is made of 
materials which resist corrosion. 

In Cleveland, Ohio, at a sulphuric acid plant the gases come 
from an M. & H. kiln in which very finely divided zinc sul¬ 
phides are roasted. The sulphurous gases are to be freed from 
the suspended particles and then delivered to a Glover tower of 
a lead-chamber sulphuric acid plant. The gases are to be treated 
at a temperature of about 800 to 1000 deg. fahr. The gases con¬ 
tain some free sulphuric acid, which tends to complicate the in¬ 
sulation problem. However, our semi-commercial tests at this 
plant showed that the problems could be .solved, and pointed the 
way. Designs of several types of precipitators were prepared 
and at a recent conference a horizontal precipitator was decided 



1915] 


BRADLE Y: ELECTRICAL PRECIPITA TION 


439 


Upon and it is to be installed at once. There are to be three 
sections, any two of which will clean the gases, one section 
always being in reserve. In this problem it is necessary to con¬ 
serve the sensible heat of the gases and to avoid their dilution 
with air, as this would materially affect the subsequent chemical 
operation. Mr. P. E. Landolt supervised the details of this 
work. 


TABLE I 

Cottrell Precipitator Test—North Works 



Water consumption j 

Per cent 
hydroch¬ 
loric acid 
discharge 
water 

Lb. acid 
per hr. 
precip¬ 
itated. 

Indicated 

voltage 

at 

rectifier. 

Date 

Cu. ft. per 
Jir. 

Lb. 

1 2:30 p.m. to 3:30 p.m. 





volts. 

Dec. 21 

31.5 

1969 

0.455 

8.959 

50,000 

2 4:00 p.m. to 5:00 p.m. 






Dec. 21 

49.8 

3113 

0 462 

14.382 

62,500 

3 9:50 a.m. to 10:50 a.m. 





. 

Dec. 22 

40.2 

2513 

0.113 

2.840 

50,000 

4 10:55 a.m. to 11:55 a.m. 






Dec. 22 

42.7 

2669 

0.152 

4.057 

t)2,500 

5 2:45 p.m. to 3:45 p.m. 






Dec. 22 

41.5 

2594 

0.138 

3.580 

45,000 


Temp, of out¬ 
side air. 


deg. fahr. 
28 
31 

27 

28 
28 


Humidity 


66 

66 

69 

69 

69 


Barometer 


inches Hg, 
29.2 

29.2 
29.4 
29.4 

29.3 


Kw. input 
motor-gen. 


2.24 

2.91 

2.24 

2.91 

1.57 


Kw. input 
fan motor 


0.90 

0.90 

0.90 

0.90 

0.90 


Total 
kw. input 
motor-gen. 
and fan 


3.14 

3.81 

3.14 

3.81 

2.47 


An installation for collecting sulphuric acid mist coming from 
a roasting furnace is under construction for the Standard Essence 
Company, and since it is so similar to other sulphuric acid mist 

problems, no difficult features are anticipated. 

At the plant of the Duquesne Reduction Companv, data as 
to gas volumes, temperatures, draft, etc., were obtained and 
tests were made with a small precipitator to show the probable 
amount of dust obtainable and to secure data for the design of a 
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large installation. Contracts have been let for this installation 
and work is being pushed as rapidly as possible. The dust and 
fume from the furnaces contain tin, lead and zinc oxides. The 
first precipitator will contain 48 pipes 12 in. in diameter. Messrs. 
A. F. Meston and H. D. Egbert handled these investigations. 

Similar data to those mentioned above have been obtained at 
a waste-metals plant of the National Lead Company. The 
probable recovery of values strongly warrants the immediate 
installation of the processes and advices to that effect have re¬ 
cently been received. The tests with the electrical processes 
were highly satisfactory, and enabled one to obtain dependable 
data as to the values now being lost, practically all of which can 
be collected readily. Mr. C. I. Weir had charge of this problem. 
Owing to various reasons beyond our control, tests of the elec¬ 
trical processes for the cleaning of iron blast furnace gases at the 
Bethlehem vSteel Company were delayed. Arrangements now 
are being pushed so as to commence tests on a fairly large scale 
at the earliest possible date. It should be feasible to employ 
the processes either for cleaning these gases for stoves and boilers, 
thus conserving the sensible heat contained in the gases when 
they come from the furnace top, or to clean them for gas engine 
purposes, having previously cooled them. 

Arrangements have been made with the Baltimore Copper, 
Smelting and Rolling Company for an installation of the pro¬ 
cesses to collect sulphuric acid mist, under conditions similar to 
those at the Selby and Omaha plants, and also for an installa¬ 
tion similar to that at the Raritan Copper Works for the collec¬ 
tion of valuable fumes from the silver refinery. 

At Maurer, N. J., the American Smelting and Refining Com¬ 
pany is planning to use the processes on mixed gases from arsenic 
furnaces and from sintering machines. The mixed gases are 
apparently more easily treated at high velocities than the sin¬ 
tering-machine gases alone. A program of tests is being carried 
out for the purpose of determining the best design and arrange¬ 
ment of the installation. 

In addition to the installations and problems mentioned above, 
it is also of interest to note that we have under consideration the 
following problems, upon some of which considerable progress 
has been made. These include the ccllection of— 

Aluminum oxide 
Powdered starch 
Powdered sugar 
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Powdered coal 

Tin oxide for enamel 

Powdered sulphur 

Potash from burning of molasses 

Potash from cotton seed hulls 

Black smoke from round houses and other places 

Fertilizer dusts 

Zinc sulphides 

Zinc oxides 

Powdered borax 

Fumes and dust from calcium carbide furnaces 
Dust from rotary lime kilns 

Dust from pyrite burners in sulphuric acid plants 

Gold and silver from jewellers’sweepings 

Fumes from linseed oil boiling kettles in varnish works 

Powdered alundum 

Ammonium chloride 

Nitric acid, etc. 

Inquiries have been received on many other problems, but the 
above list shows that the electrical processes are applicable to 
the collection of a great variety of materials, especially when 
it is also considered that the range of operating temperatures is 
from a point at least as low as 32 deg. fahr., to at least as high as 
1000 deg. fahr., and at all'temperatures between these two limits. 
Materials can be selected for each specific problem which will be 
suitable for the local conditions of temperature, corrosion and 
mechanical strength. 

In addition to the use of the processes for abating a nuisance 
or for saving the values contained in the collected material, it is 
worth noting that the processes are also useful as adjuncts to 
other manufacturing processes or methods, either for improving 
operations or reducing expense. Both the lead-chamber and the 
contact processes of producing sulphuric acid have several places 
in which electrical precipitation should be valuable. Further¬ 
more, since it is so easy to remove dust from air by these processes 
they may be useful in connection with the ever-present problem 
of suitably ventilating factories, tunnels, subways, etc. 

It should be apparent that contact with such a variety of 
actual industrial problems as has been mentioned would furnish 
an impetus toward improving and simplifying precipitators and 
electrical apparatus, and would call forth a goodly number of 
patentable discoveries. While this is true, yet our policy has 
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been not to overlook those mechanical and other operating fea¬ 
tures which would insure reliability of operation and reduce cost 
of installation, maintenance and operation, as well as to make the 
processes as nearly automatic in operation as jDOSsible. Progress 
along these lines is also being accompanied by efforts towards the 
standardization of types and sizes of precipitators and of elec¬ 
trical equipment, and toward adopting methods that would 
facilitate and expedite the collection of data, the conducting of 
experimental tests, and, finally, the completion of commercially 
and technically satisfactory installations. 

The use of sphere spark gaps for the measurement of peak 
voltages between the discharge and collecting electrodes, and in 
other parts of the circuit, has led to a better understanding of 
some of the electric phenomena. For such measurements a 
convenient portable sphere spark gap, as shown in Fig. 24, has 
been developed. Additional data on electric phenomena have 
been obtained by the study of the effect, under various conditions, 
of especially designed inductances and resistances placed in the 
high-tension circuit. Methods have been devised whereby it is 
possible to predict quite closely the power required for the treat¬ 
ment of a definite quantity of a given gas. The power required 
for precipitation is sufficiently low so as not to be prohibitive 
in practically all cases where it is desirable to remove fine par¬ 
ticles from gases. Actual power consumptions of installations 
now in operation will be found in the descriptions of some of the 
various plants already given. 

Improvements have been made in rectifiers and the method of 
using them. Many are being operated commercially at 750 rev. 

per min., a speed which presents some advantages o’ver 1800 rev. 
per min. 

By cooperation with the manufacturers, transformer designs 
have been evolved which give apparatus very suitable for our 
work. Their reliability has been improved and the cost and time 
of delivery have been materially reduced. Apparatus has been 
developed to restore automatically normal operation after a 
temporary short circuit in the precipitator due to conductive 
precipitated material falling between the electrodes, or to similar 
temporary overloads resulting from other unusual conditions. 

The curve shown in Fig. 25 gives the relationship between the 
high-tension direct current flowing into a precipitator, and the 
high-tension voltage impressed upon it, the latter being shown 
on the curve sheet as the alternating potential delivered to 
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the rectifier from the transformer and calculated from the 
measured low-tension voltage and the transformer ratio. Under 
certain conditions it would be preferable to measure the effec¬ 
tive high-tension voltage maintained between the precipitator 
electrodes by means of a suitable voltmeter. In general, however, 
the voltage as indicated by the ratio method is sufficiently 
accurate for field work. The lower portion of the curve shows 
the uniform increase in the current with the voltage, due chiefly 
to insulator leakage. The upper portion of the curve ^shows the 
more rapid increase in the current as the voltage is raised above 
that at which corona started. The bend in this particular 



25—Curve Showing Ratio of High-Tension Voltage to the 
Current Consumption—Measurement taken at Precipitator 
Installed for Balbach Smelting and Refining Company, New¬ 
ark, N. J. 

curve is somewhat more gradual than is usually found. This 
is due to a special arrangement of the electrodes whereby the 
corona-starting voltage varies in different parts of the precipi- 

tator. j * -u 

Fig. 26 shows the results obtained from tests made with 

various electrode spacings in fume-laden gases at different 

temperatures. Curve A shows the potential (measured by 

transformer ratio and the low-tension voltage) which, when 

rectified, caused a spark-over to occur between a number of 

parallel wires and a plate placed at varying distances from them. 

The wires and plates were placed in a flue through which passed 
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zinc oxide fumes at a temperature of 600 deg. fahr. Curve B 
shows similar data obtained with the gas temperature reduced 
to between 350 deg. and 400 deg. fahr. Curve C shows similar 
data obtained from the same electrode system with air in the 
flue. The relative positions of curves A and B are what would 
be expected. Data are being obtained in order to plot a series 
of curves between corona-starting voltage (ratio method) and 
electrode spacings. This work has not been completed. 

Fig. 27 gives in a specific case the distribution of the elec¬ 
trical losses in transformation, rectification and transmission 
of the electrical power taken from the suppl}’' lines and delivered 



Fig. 26 —Curves Showing Sparking Potentials (of Rectified Volt¬ 
ages) BETWEEN Wires and a Parallel Plate, for Various Gap 

Spacings 

to the precipitator. The losses of transformation are the greatest. 
The additional load losses of the transformer are readily calcu¬ 
lated. The added load losses of the rectifier are not definitely 
known, but experience indicates that they are small in propor¬ 
tion to the other losses. The added load losses of the transmis¬ 
sion line are negligible. These latter losses consist almost entirely 
of corona loss and insulator leakage, both of which depend upon 
the voltage and not upon the current. From such data it is 
possible to estimate very closely the capacity of apparatus 
required to deliver to a precipitator any given power at a certain 
voltage. 
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Valuable knowledge has been gained of friction loss of gases 
passing through precipitators, and through inlet and outlet 
passages, and of how to get uniform gas distribution. The latter is 
more difficult to control when the velocity of the gas is low than 
when it is high. 

Valuable experience has also been gained in the field of measur¬ 
ing and sampling large volumes of moving gases, and methods 
suitable for our work have been evolved which have been proved 
of practical reliability by results on large-scale installations. 
vSeveral complex flue systems and stacks have been explored and 
data obtained in such a manner that reliable predictions were 
possible, as to the effect of the installation of the electrical 



Fig. 27 —Power Loss Data 

Transformer 7ikv-a., 75.000 volts. 60 Rectifier type—2 arm—8 shoe—steel shaft 
Line insulators 2 per line trans. to rect., 11 in d-c. line. 


precipitation equipment. In many cases this is a very pertinent 
question, especially when natural draft is depended upon to 


move the gases. . , ^ r j- 

The log .sheet shown in Table II gives a typical set of readings 

taken during a run on a two-section precipitator Each section 
consists of twenty 12-in. diameter pipes, 12 ft. long. The log 
sheet shows a considerable variation in the power consumption 
and in power factor. This was one of the first test runs made 
in the application of the electrical precipitation processes toanew 
problem. Causes for each unsteady or unfavorable condition 
are sought and the effect of each on the percentage of precipi¬ 
tation is noted and steps are taken toward their elimination. 
Finally, with the proper conditions secured, the operation be- 
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Nets: Readings taken and samples drawn 60 ft. above base of stack. Stack 160 ft. in height 
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Column 2. Stack reading—a differential gage reading, indicating the gas 
velocities in the stack. The gage is connected to a pitot tube 
in a 6 -inch diam. “companion’^ pip^ shown in Pig. 28. 

« 3. V.H. in. H 2 O stack—is the gas velocity head in inches 

H 2 O in the stack and is one-half the difference between 

columns 1 and 2. (Gage factor = 0.5) 

" 4. Sampler reading—is the reading indicated on the differ¬ 

ential gage, connected to the pitot tube in the 6 -in. diam. 
sampler pipe. (See Fig. 28). 

« 5. V.H. in. H 2 O sampler—is the gas velocity head in^nches 

H 2 O in the 6 -inch diam. sampler pipe. (Gage factor — 0.5). 

“ 6 . Temperature of stack gases in degrees fahrenheit. 

« 7 , " gases in precipitator in deg. fahrenheit. 

** 8 . Stack vel. ft. per sec.—velocity of gases in stack. 



Fig. 28 


Column 9. Precipitator 6 -inch pipe vel. ft. per sec. velocity of gases in 
6 -in’ diam. sampler pipe to precipitator. 

“ 10. Stack vol. cu. ft. per min.—volume of stack gases per minute. 

" 11. Precipitator vol. cu. ft. per min.—^volume of precipitator 

gases per minute. 

“ 12. Std. vol. stack—volume of stack gases at 32 deg. fahr., 

29.92 in. Hg. 

" 13. Std. Precipitator vol.—Volum'e of precipitator gases at 32 

deg. fahr., 29.92 in. Hg. 

14. Per cent handled—ratio of gases handled in precipitator to 
total gases in stack. 

* 15. Time out—record of shut-downs or troubles incidental to 

% 

the test. 

16. Time—schedule of readings taken during test. 
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In connection with the above data, sets of daily measure¬ 
ments were made of the quantities and conditions of the gases 
in the stack. The details of these figures are given in the form 



Weather generally fair—Barometer 29.47 
in. Hg. 

Elevation of station 440 -f 65 — 505 ft. 
A. S. L. 

Barometer correction for velocity: 

V from chart X 1-008 = V actual. 


Gas weight : 1745 lb,per min. (air) 

“ weight : 1780 lb. per min.(gas) 

Standard volume : 21,600 cu. ft. per min. 
CO 2 % by volume : 3.67 per cent. 

Lb, carbon: 26.6 burned per min. 
Lb, coal : 30.6 burned per rain. 


Correction for carbon dioxide: 

V from chart X 0.990 *= V actual (4 per 

cent CO 2 ) 

Average Results. 

Draft : 0.72 in H 2 O 

Stack temperature: 808 deg. fahr. 

Air temperature : 75 

Gas velocity : 40.5 ft. per sec. 

Gas velocity (3) ; 40.6 ft. per sec. 

Gas velocity : 2430 ft. per min. 

Gas velocity : 27.2 mi. per hr. 

Gas volume : 55,900 cu. ft. per min. 


Scale 

Horizontal: 

1 division = 1 hour 

Vertical : ri\ 

0,1 division = 0.02 in. H 2 0 draft, tl) 
= 20 deg. fahr. stack temp. 

( 2 ) 

= 1.0 ft. per sec. (3) 

= 1000 cu. ft. per min. (4) 

= 20.0 lb. per min. gas (5) 
= 0.2 per cent CO 2 (7) 

= 2 lb. coal (^^ 


of curve sheets as Figs. 29, 30, 31, and 32. These results are 

summarized in Table IV. 

Temperature records kept during the above-mentioned test 
are given as Figs. 33 and 34. 
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In Fig. 35 a sketch of the electric precipitator used for the 
demonstration in connection with this paper is shown. This 
sketch includes the method of showing corona effects and the 


Juni' !l. I!M4 



( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 
(7) 


Scale 

Abscissa: 1 division 
Ordinate: 

0.1 division 


2 hours 


0.02 in. H 2 O draft 
20 deg. fahr. stack temp. 

1.0 ft. per sec. gas velocity 
1000 cu. ft. per min. gas volume 
20 lb. per min. gas weight 
0.2 per cent CO 2 by vol. 

20 lb. per min. coal burned. 


method of producing fume and dust for precipitation, in con¬ 
nection with the experiments prepared for this demonstration. 

Several additional installations of these processes have been 
made under the direction of Mr. Walter A, Schmidt, of Los 
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Angeles, California, at various locations in the Pacific Coast 
States, Canada and Germany. The one which treats the larg¬ 
est volume of gases is at the plant of the Riverside Portland 
Cement Company. The installation at the smelter near Trail, 


Juno 10. IftU. 



( 1 ) 

( 2 ) 

(3) 

(4) 
( 6 ) 
( 6 ) 
(7) 


Scale 

Abscissa: 1 division = 2 hours 
Ordinate: 

0.1 division = 0.02 in. II 2 O draft 

= 20 deg. fahr. stack temp. 

= 1.0 ft. per sec. gas velocity 
= 1000 cu. ft. per min. gas volume 
= 20 lb. per min. gas weight 
= 0.2 per cent CO 2 by vol. 

= 20 lb, per min coal burned. 


B C treats about -100,000 cu. ft. of gases per minute coming 
from lead blast furnaces. A precipitator.has been mstdled for 
handling the gases from one 1000-barrel cement kiln at Buffing¬ 
ton, Indiana, and a continuous thirty-day test showed an aver- 
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age of approximately 95 per cent of the dust removed from 
between 60,000 and 75,000 cu. ft. of gas per minute. The tem¬ 
perature of the gases in this case reached 750 deg. cent. 


Juno 11.1914. Barometer: 29.47 in. Hj. 

Weather: Gensrally Fair. , Station Elevation: 440 t65-S0S Ft.|A.S.L. 



Scale 

Abscissa: 1 division = 2 hours. 
Ordinate: ■ 


(1) 0.1 division 

= 0.02 in. H 2 O draft. 

(2) 

= 20 deg. fahr. (stack) 

(3) 

= 1.0 ft. per sec. 

(4) 

1000 cu, ft. per min. 

(5) 

= 20 lb. per min. (gas) 

(6) 

= 0.2 per cent CO 2 

(7) 

= 2 lb. coal per min. 


Results 

0.700 in. H 2 O average draft 
870 deg. fahr. average stack temp. 

84 average air temp. 

36.7 average gas velocity 

Sta. No. 3 center average gas velocity 34.4 
2200 ft. per min.average gas velocity. 

25.0 mi. per hr.average gas velocity. 


50.700 

average gas volume 

1520 

average gas wt. (air) 

1550 

average gas wt. (gas) 

18,800 

average std. volume 

4.17 

average % CO 2 by volume 

26.2 

average lb. carbon 

30.1 

average lb. coal 


In conclusion it is to be stated that the past three years have 
seen the electrical processes (Cottrell patents) in constantly 
growing use and demand, several commercial installations hav- 
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ing produced excellent results, and the future is full of promise. 
The corporation has definitely established itself commercially 
in the short time intervening since its organization. The total 
capital paid into the treasury was $10,100. From the receipts 
so far obtained for technical services and for patent rights, 
all of the corporation’s stockholders have been fully repaid, 
and there is on hand at present nearly $150,000 in good and 


TABLE IV 

Elevation of Station 505 Ft. a. S. L. Barometer 29.47 in. Hg. 

—505 FT. A. S. L. Stack Height —160 ft. 


Top of Stack 


Date 


Period of measurement. 


sec. 

Velocity of gas. 

Feet/minute. 

Miles/hour.... ... 
Flue temp, deg.fahr., 
Volume ofgascu. ft/m 
(pi flue temperature. . 
Volume of gas.cu.ft/r 
at 29.92'' Hg. 32® F. 
Weight of gas pass 

lb./min.. •• 

% CO 2 by vol. 

Calculated lb. carl 
burned per minute. 
Calculated lb. c 
burned per minute. 


Sets of fires. 

No. of fires. 

Air temp. deg. fahr. 


1 

2 

3 

4 

5 

6 

7 

Day 

June 

8-14 

Day 

June 

9-14 

Day 

June 

9-14 

Average 

2 &3 

Day 

June 

10-14 

Night 

June 

10-14 

Day 

June 

11-14 

1:45p.m. 
to2:30 “ 
4:15 
to 

6:45 “ 

6 a.m. to 
12 m. 

12:20 to 
6:20 pm. 


9 :45 a. m 
5:45pm. 

6:45pm 

12:40 

a. m. 

.9:30am 

5:30pm 

r 

40.5 

42.1 

39.3 

40.7 

41.7 

21.7 

36.7 

2430 
, 27.2 

810 

2520 

28.6 

830 

2360 

26.6 

880 

2440 

27.6 

855 

2520 
28.6 
870 

1320 

15.0 

690 

2220 

25.2 

870 

« 

. 55,900 

58,100 

54,300 

56,200 

58.000 

30.200 

51,000 

n 

. 21,600 
gAir 1745 
, Gas 178C 
. 3.67 

22,150 

1790 

1825 

4.00 

19,900 
1610 
1640 . 
4.47 

21,050 

1700 

1735 

4,24 

21,450 

1730 

1765 

4.36 

12,900 

1040 

1060 

2.12 

18,900 

1525 

1555 

4.17 

n 

26.6 

29.6 

29.7 

29.65 

31.3 

9.12 

26.2 

al 

. 30.6 

3. 0.720 
1-8 
88 
75 

34.1 

0.781 

1-8 

88 

61 

34.2 

0.775 

1-8 

88 

67 

34.15 

0:778 

1-8 

88 

64 

36.0 

0.712 

1-8 

88 

80 

10.5 

0.692 

1-4 

48 

77 

30.4 
0.700 
1-7 
78 

84 


negotiable securities as a net surplus. “^alSs 

accounts owing. Further income as royalties from installation 
accounts owi g^ under way, or contracted for. mil matenally 
now in operation, unaer way, further sceintific 

increase the above amount, so that a fu 

corporation. 
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Fig. 33 —Temperature Records in Connection with Electric Pre¬ 
cipitator Tests 



Fig. 34—Temperature Records in Connection with Electric Pre 

ciritator Tests 
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Messrs. H. D. Egbert, P. E. Landolt, A. F. Meston, C. L 
Weir, J, C. Hale, H. A. Burns and H. M. Pier, assistant engineers 
in the employ of the corporation, have rendered very valuable 
service in connection with the various problems which have 
been encountered and have materially aided in overcoming the 
many dif&culties. They have been very loyal and devoted to 
the cause, working in the main under very unfavorable conditions 
and receiving smaller compensation during most of the three 
years the corporation has been, operating than they could have 



35—Demonstration Treater 


obtained ebewhere, and they are to be complimented anci thanked 
for their zealous and efficient service. The technical men in 
the various plants have likewise taken a keen interest m the work 
and have rendered valuable services and have been of .reat 
assistance in enabling the presentation of a report of such p 
gress, and thanks are due them. 
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Discussion on ‘‘ Electrical Precipitation—Theory of the 
Removal of Suspended Matter from Fluids,’’ (Strong), 
“ Theoretical and Experimental Consideration of 
Electrical Precipitation,” (Nesbit), Practical 

Applications of Electrical Precipitation,” (Bradley), 
New York, February 19, 1915. 

W. S. Franklin: Let me ask Mr. Bradley how to get rid 
of the material which accumulates in the pipes. 

Linn Bradley: This is a matter which presented some dif¬ 
ficulty. If it is a liquid it will run off, and^if it is a mix¬ 
ture of liquid and solid, it will not run off unless it is of proper 
consistency. If you have a dry dust it is easy enough to shake 
it off. You have to design your plant to suit the problem. 
Fumes that are all dry can be handled in about the same way; 
that is, if they are of the same physical character. ^ If they are 
of a granular character, they must be operated in a different 
way from fumes which are of a fine formation. 

Saul Dushman: In order to obtain high-voltage rectified 
current for use in precipitation of smoke and dust, it has hitherto 
been customary to use a mechanical rectifier. ^ Very recently 
it has been found possible to produce a much _ simpler form of 
rectifier which does not necessitate any moving parts. This 
type of rectifier (which has been designated the “ kenotron ”) 
operates with a pure electron discharge produced in a highly 
evacuated tube from an incandescent filament, and is based 
upon the theoretical investigations of Dr. Langmuir on the laws 
of electron emission from incandescent bodies in high ^ vacua. 
The current can pass through such a tube only in that direction 
which makes the filament cathode, and the tube, therefore, 
acts as a perfect rectifier. Rectifiers of this type may be con¬ 
structed to operate at the highest voltages used in commercial 
practise and at an efficiency which is well over 95 per cent, 
while the currents that can be rectified are of the order of mag¬ 
nitude of 0.1 to 0.5 ampere. Owing to the fact that the kenotron 
possesses positive characteristics, any number of them can be 
operated in parallel, in series with a resistance, and each kenotron 
merely carries its proper share of the total current.^ 

All the auxiliary apparatus required to opemte this rectifier 
is a storage battery or transformer for lighting the filament. 
The maximum current that can be rectified by any given keno¬ 
tron depends only upon the temperature of the cathode, and 
by regulating the temperature of the latter, it is therefore 
possible to obtain perfect control over the current through the 
load. 

A complete description of the device will be published soon; 
but these remarks ^1 probably serve to show that a rectifier 
constructed on the above principles ought to find a useful field 
of application in the work on precipitation of smoke and dust. 
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W. S. Franklin: Mr. Bradley has mentioned some difficulties 
from occasional sparking and arc formation. It seems to me 
that it might be a help to connect a considerable inductance 
between the rectifier and precipitator or treater, and then con¬ 
nect a condenser between the precipitator and the ground. 

Halbert P, Hill: What is the result of commutated wave 


lengths, what improvement is found in this apparatus; in 
other words, the first switches were 10 per cent of the wave, 
but as commutated they have gone up to greater length is 
there greater efficiency by commutating the wave? _ 

"W. S. Franklin: I do not believe that the possibilities of 
the influence type of electric machine have been determined, 
and I do believe that the field for electro-deposition of fumes 
is so enormously wide that the time will come, and come ver> 
soon, when the two or three watts of high-voltage power that 
can be delivered by an influence machine wiU be extreniely 
important. The influence machine is, no doubt, the smplest 
type of high-voltage source you can have for a small installation, 
and it is important to determine what the possibilities of the 


influence machine are. « n ^ • j 4 - 4 --u^ 

A. F. Nesbit: Mr. Strong and I personally tned If 

of rectifier which has been referred to, in this 1000-cu. ft. out , 
and we find it is practicdly as good as the Lempe recti 

We have taken oscillograms of its action; f 

whv the suggestion is not eminently fitting at this time. 

L. W. Chibb: I would like to ask the authors ^hether the 
different kinds of fumes require a different voltage 

and what range wSTread on this subject 

kinds of fumes. In the hrst articles ^luci Bradley 

I remember the flues were very much seems 

speaks today of flues four or five feet in same in¬ 

to be a step in the wrong direction, because to ^ the s 

‘'■Tohn B "diviclmg line between 

pir mShS'action aM -to that dep^ 

tion? The results set forth in these papers coum 

* * "t* th.e ioni c°\heOTy^^^°Arbthere^ any experi- 

mtof to Cbe dti » sto to the precipitation ^ n ot 

gTeTfX detoe toaS at trbich ihe clearing np will 

begin and below which it wuL no. nnlarized narticle, either 
W. S. Frank^: - ^ J consider^^p ^ 

in a magnetic field, where it is , gelii where it becomes 

south pole on the other, or m an baa. w 

positively charged on ,, .£ varying intensity to be acted 

ort'^r-eXS'force at all. and the magnitude of the 
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force decreases at an enormous rate as the size of the particles 
decreases. It seems to me as almost certain that you never 
could get an electric field strong enough and varying rapidly 
enough to exert a perceptible force on a polarized particle, of 
the size of smoke or fume particles. Such a small particle 
must have an actual excess of positive or negative charge to 
be acted upon by a perceptible force. It is only in the case 
of large particles, such as pieces of paper, that a niere polar¬ 
ization leads to a percpetible force action in an electric field. 

J. H. Davis: I ask the authors if they intend to develop 
their process so that it "will be applicable to steam locomotives. 

W. W. Strong: I beg to differ from Prof. Franklin con¬ 
cerning his enthusiasm about the influence machine. At the 
present time a small transformer, weighing fifty or sixty pounds, 
is being made to operate with alternating current, giving 30 
or 40 thousand volts, and can be used in connection with Mr. 
Bushman’s rectifier. It is a very satisfactory instrument, and 
I think will serve to precipitate quite large volumes of fumes, 
smoke fumes and the fumes emitted by ordinary locomotives, 
especially when being fired. As to the precipitation of fumes 
emitted by locomotives, one trouble you would have at present 
is that the ordinary generators used for lighting in trains are 
almost entirely direct-current generators, and it would be 
necessary to replace them with alternating-current generators, 
in order to apply this system to the precipitation of smoke 
from locomotives. Then it must also be remembered that 
electrical precipitation can not be used to treat gases flowing 
at a high speed. Electrical precipitation is being applied to 
the problem of collecting the smoke from locomotives while 
the fires are being started. 

As to precipitation by means of polarization, that is imprac¬ 
ticable altogether, in fact you do not get very good precipita¬ 
tion at all until you get almost a maximum corona current 
between your electrodes; that is, the precipitation becomes 
better and better as you approach the sparking distance. That 
is where the maximum ionization current of the curve'flows. 
According to the work of Milliken and others, it is quite prob¬ 
able that these little particles receive a charge of fifty to one 
hundred times the charge of the ordinary electrode. 

Linn Bradley: One of the questions asked by Mr. Hill, 
in connection with the length of the shoe, is one of the matters 
which I will take up first. We find that with a given trans¬ 
former and a given sized precipitating device, and with the 
transformer operated from a small alternator, it is quite essential 
that we have a long arc of contact, so-called, on our rectifier. 
If we have a point to point contact, it is difficult to get enough 
. energy into a large precipitator to produce a sufficiently high 
rate of ionization. The frequency of the power supply circuit 
in'some cases has some effect. It is a good plan to have the arc 
of contact a certain length (and this is best determined in 
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practise), for where there is a large current flowing into the pre¬ 
cipitator without the proper arc of contact, there are liable 
to be rather violent surges. This condition is detrimental and, 
in fact, has at times seemed to hinder precipitation. 

As to Prof. Franklin’s remarks regarding the insertion of in¬ 
ductance in the high-tension d-c. circuit, this has been done 
and we have found that at times it is an improvement. We 
have placed inductance in this part of the circuit and tests 
have indicated that the high-frequency surges were of such 
character as to give a potential drop of 20,000 to 25,000 volts 
between the terminals of the special choke coil. We have 
found in some cases that the use of inductance of this kind 
makes it possible to maintain a higher effective voltage in the 

precipitator than without it. . , . 

As to the point which Mr. Chubb raised, in connection with 
the intensity of ionization and the diameter of the collecting 
pipe, in my opinion there is a preferred, design of precipitator 
for any given gas problem. The s^uld no_^ 

be of too great a diameter nor of too small a diameter. I 
believe that the practical considerations of a 
oroblem are of greater importance than some of the theoretical 
a uestions The increase in energy due to large diameter pipes 

rinsumed in precipitating 

cases we have had so far, has been so small as to be of no j,reat 
imoortance What the plant operators require is prec^itation 
'rf?£rXL or dnst. fhey care 'ittleoo^e™ng^ 

SeS- ZreXltXibli Ki™ »S-|- 

tion. Experiments with a 4 ft. S T 

that its use was feasible and practicaoi , , •> . 

would not for practical reasons q 250 000 volts, 

universal use of such potentias ^ satisfactorily 

nevertheless, these potentials do operate verj 

under suitable conditions^ ^ sufficient potential 

We have also found that if Were is 


to 

3.n.d uvy J.J1..1.W_ 

being of primary importan^. ^ ^ mentioned in connec- 

There is another point whic perhaps, may seem 

tion with power to what Dr^ Strmig said. We 

to be somewhat contradict y ^ potential for 

have found that it pos Particles of dust have been pre- 
most economical operat - blown off the electrodes 

cipitated and then de-precipitated or 

by increasing the disanpear with the smoke? 

^W. S. Franklin: ^ Does °dor cgapp^^ 

Linn - Bradley: I ^ results wodd largely depend 

nation of odor. 1 tbmK mai 
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on the character of the smoke. If the volatile constituents are 
completely removed, probably the odor would disappear. Car¬ 
bon is not volatile at ordinary temperatures, so if the smoke 
consisted entirely of carbon particles there would be no odor. 
However, there probably would be volatile compounds, such as 
sulphur dioxide, present, which would give an odor. True 
gases, obviously, are not directly removed. 

W. S. Franklin: I think Mr. Bradley does not appreciate 
the absolute necessity of a grounded condenser back of the 
choke coil, to give any efficacy whatever to the elimination of 
surges by such choke coil. I mean in capacity. Whether the 
Y line is enough, I do not know. I do not think a small Y line 
would have enough capacity to make a choke coil effective in 
that respect. If he connects a condenser to the ground back 
of the choke coil, it will increase the capacity. 

Linn Bradley: The precipitator acts as a grounded con¬ 
denser. If it is large enough it should answer your purpose 
and it would be the simplest type of condenser available for 
practical operation. In practise we do have irregularities in 
the precipitator. To a certain extent, these irregularities do 
not interfere, so we make no extra effort^ to overcome them. 

If the conditions are such that sparks grow into current arcs, 
then there should be some apparatus for overcoming or break¬ 
ing these current arcs and making the operation ^ automatic 
and stable. The character of the circuit and service is such 
as to promote surges. The magnitude and frequency of the 
surges probably vary. If they can be reflected, kept out of the 
precipitating device, and then dissipated, the actual amount 
of energy in them being quite small it would probably be de¬ 
sirable. 

S. M. Kintner (communicated after adjournment): Dr. 
Franklin lays special emphasis on the use of a condenser as a 
means of limiting the voltage surges on the precipitators. 
This calls to mind a series of tests that I made several years 
ago, on static interrupters.’^ These interrupters were placed 
in circuit with the high-tension side of power transmission 
transformers and were employed as a means of limiting the volt¬ 
age strains between turns on the end coils of the transformers. 
The static interrupter ” consisted of an air-core choke coil 
which was placed in series with the line, and of a condenser, 
which was connected between the line and ground, the con¬ 
denser connection to the line being made between the trans¬ 
former that it was desired to protect, and the choke coil. 

A series of tests, in which a special transformer of about 
200 kw. was employed, revealed the fact that of the protection 
afforded the transformer by the ‘^static interrupter,” about 
90 per cent of it was due to the choke coil. As the choke coil, 
alone, could be built for about one-third of the cost of the com¬ 
plete static interrupter,” it was decided to discontinue the 
use of the latter. 
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The apparatus tinder discussion appears to me to be of the 
same general type and if different at all, it is in a way to make 
it still less favorable to the use of a condenser. The precipi¬ 
tator is itself a condenser and the protection of a condenser 
by the use of another condenser, in shunt to it, does not appear 
to me to be good practise., 

H. P. Hill (communicated after adjournment): From re¬ 
peated tests I have made in my laboratory I fip-d_ that ■with 
any make-and-break type of rectifying switch—similar to the 
Lempe—in which the current arcs from the rotor arm to the 
contact shoe, this arcing sets up the high-freq-uency surge. 
This in turn decreases the capacity of the treater, from the fact 
that the substance tested takes a charge and a potential dis¬ 
charge while passing through each cycle. The ideal method 
of course would be to use a static machine for this servi e. 

The next best thing is to use a positive contact rectifying 
switch and commutate all of the wave, ^y this method nearly 
true direct current is furnished the treater and t e F - . 

. greatly increased over a ^“dimctional current or greater in 

L Prof. Nekt’s paper this ch^mg bvtiTk dtelo 

fine tissue paper, as shown and descnbed J ’ discharges 
rectifying only the apex of the wave and the treater discharge 

°Wpro“‘cl”oIcto%tU higMieqW surges 

have been used to protect the transrorm result 

surging, including mr-cool^ imped^anc^^^^^^ 

of my experiments a pos t all surges, takes a great strain 

thing to use, as it eliminates of current on 

off the transformer and provides a uniform 

the treater. , . ^ oc to the result of 

None of the papers ° I have used rectify- 

various frequencies. In ^ in „er cent of the wave, 

ing switches with ^ f thiwave, and the more of the 

up to as high as 70 Py effective the treater, 

wave you can commutate • Stokes’s law and discusses 
InProf. Strong’s paper how this law would 

it at considerable length, always a known quantity, or, in 
apply unless the current was ^^^olt-amperes for a 

other words, direct • direct current this would 

given quantity werejcased ^^^ru that was com- 

vary in proportion to ^ ha^Ye used this appa- 

mutated during the , various voltages unth several 

r'atus in various substance , at van^^ 

types of treaters and t,etter results with a positive 

than with 25 oycles, ^ of the wave that was commutated 

contact switch, and therno ^ were required; besides, 

the less tnimarnperes on the ^orating effects on 

with a positive contact switch tne aeu 
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end coils of the transformer due to corona were almost entirely 
eliminated. 

I have conducted some experiments with electrolytic recti¬ 
fiers consisting of 400 aluminum saucers with tin plates in the 
center, separated with glass separators, and each saucer filled 
with a bicarbonate of soda solution and the whole rectifier 
encased in a glass tube, the idea being to eliminate the me¬ 
chanical rectifying switch, and while good results were obtained, 
only one side of the wave was commutated and the cost of 
the apparatus was prohibitive and very uncertain. I also 
operated a test with some large mercury valve tubes. As the 
result of my investigation I finally decided that a positive 
contact switch commutating the entire wave was the most 
practical and most efficient device. 
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ELECTRICAL PORCELAIN 

I. Testing with a High-Frequency oscillator. IL 
The Problematical points of manufacture. III. Ex¬ 
periences AND EXPERIMENTAL INVESTIGATIONS 


by E. E. F. CREIGHTON 


Abstract of Paper 

Part I treats of the reasons for using the high-frequency oswl- 
lator for testing porcelain insulators. The oscillator is a com¬ 
bination of a 60-oycle transformer, a 

an oscillation or coreless transformer. The 60-cycle potential 
charges the condenser and the condenser discharges through tne 
gap and the coreless transformer. This sets up ^ 

TO^^ve trains of the same nature as the wave trains that take place 
r the "aLmLsion line. This higl^A^Ofncypotentml strain 
is the only kind that damages the insulators The 60-cycle pote 
tial is always far below the puncture potential and arc-ove p 

tential of the insulators; . .® , tVip manu- 

In Part II it is shown that the principal factors in the manu 

facture of Dorcelain which affect the final product are. 

1 The ?hoi"ce of i^gredients-ball clay, china clay, feldspar, 

problem involved in getting a homogeneous mixture 

f TirSlem “of drSng out the moisture without causing 

as 14 per cent of moisture is given out. - 

. ^hrsa^iifai 

due to the accidents of manufacture die ectric stren.t 

• bX THs examiLtion should be useful to 

ufacturer selection of the porcelain piece. 

rotSS^ -efhoVf 

when the porcelain is in the early plastic stage. 

1. Object of the Paper 

TN PREPARING this paper there has been in -view a num- 

i ber of objects. The many electrical and ceramic prob¬ 
lems encountered are complex and widely ramifie . 
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are several of these problems which have only been mentioned. 
There are ceramic problems on which definite information has 
not yet been found. There are methods of examination of 
porcelain which are still in the stages of development. The 
experiments given are definite so far as they go, but more ex¬ 
perience is necessary to crystallize the methods into permanent 
forms. There is one main object which it is hoped to accom¬ 
plish: namely, to call attention to the use of the high-frequency 
oscillator as a rational method of testing insulators. 

Some of the subjects treated are listed below: 

(a) A brief analysis of the general problem of continuity of 
service on transmission lines in which porcelain insulators as¬ 
sume a primary and important position. 

(b) An analysis of the electrical strains which are actually 

imposed on insulators in practise. 

(c) A description of the high-frequency oscillator which has 
been designed to reproduce the electrical strains imposed on 
the insulators. 

(d) A brief review of ceramic problems as involved in the 
manufacture of porcelain for electrical purposes. 

(e) Experiences and experiments in the practical use of the 
oscillator and the general methods of study of porcelain. 

(f) Puncturing under oil: Thickness, range of puncture volt¬ 
age, form of test piece. 

(g) Equivalent gap tests. 

(h) Voltage of first appearance of corona on insulators. 

(i) Percentage of failure as a criterion of rejection. 

(j) Comparison of puncture voltage of several porcelains. 

(k) Technique of examination of cracks, laminations, punc¬ 
tures, etc. 

(l) Hot and cold tests. 

(m) Tests with continuous high frequency. 

(n) Study of the effect of corrugating a smooth surface and 
the laws of creepage spark as affected by thickness of porcelain. 

(o) Methods of using super-spark potential from the oscillator. 

(p) Methods of examination of quality of porcelain, using 
voltage gradient. 

(q) Determination of the proper time of test and something 
on the question, Does the voltage test damage the porcelain?” 

Much valuable work on electrical porcelain, comprised in 
a number of papers, has been presented to the American In¬ 
stitute of Electrical Engineers during the past few years. The 
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recent steps taken by the committee on standardization of tests 
of insulators have had great value in crystallizing the known 
data and information into a definite useful form. It is here 
proposed to add further to the collected data and present a 
new method of testing insulators which the author believes 
should supplant the old standard method in which potential 
at a frequency of 60 cycles per second is employe . 

It seems unnecessary to dwell at any great leng on e 
engineering necessity of finding a satisfactory so ution ^ 
problem of maintaining the integrity of the insulation of ele - 
trical transmission lines. It is desirable to attack this probkm 
from every available scientific and practical standpoint. The 
problems relating to the integrity of the insulator are on y a 
part of the broad problem of continuity of. service on tran- 
mission circuits. A brief review of the salient factors of the 
broad problems is given in the following ana ysis, in 
the position of the problem of the insulator itself is made evident. 


PART I. TESTING WITH A HIGH-FREQUENCY OSCILLATOR 

2. Analysis of the Broader Problem of Continuity of 

Service 

In the first consideration we can hope only to pursue the 
line of investigation relating to detection of weak and damaged 
porcelain insulators, and either reject them if ^ey have not 
yet been installed or remove them from the line if they are 

already in use. ' , 

In the second consideration we may hope with confidence to 

overcome the causes which deteriorate the insulators after t ey 
have been put into use—such damage as comes from unequal 
expansion of metal parts, cements, and porcelains. , is inves i 
gation should also cover those faults which are present in 
manufacture, in one form or another, such as open pores close 
pores, cracks from unequal contractions, local strains, lamina¬ 
tions, air pockets, localized mineral impurities, and acciden 
impurities in the form of threads and hair. ^ 

In the third consideration is the form of the insulator, 
ideal design should be such that the porcelain shall never punc- 

In the fourth consideration is the way and means of prevent¬ 
ing lightning from producing a potentiaPsufficient to arc ^Jver 
an insulator. This involves the subject of overhead and under- 
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hung grounded conductors; also the necessary factor of safety 
of the line insulator. 

In the fifth consideration, assuming that in spite of all precau¬ 
tions an accidental arc is established around an insulator, what 
means may be employed to suppress such an accidental arc 
without causing or allowing an interruption of service? Herein 
comes the use of arcing ground suppressors and short-circuit 
suppressors. 

In the sixth consideration is the condition of malicious or 
accidental interference with the power wires in which a heavy 
conducting strip is thrown across two conductors or two line 
wires are pushed together. The only possibility of continuing 
the service then lies in the use of a duplicate undamaged circuit 
and automatic relays to cause the nearest circuit breakers on 
both sides of the short circuit to open and thus remove the 
faulty circuit. 

In the seventh and last consideration is the rare occurrence 
of cyclones, floods, and sleet storms which destroy considerable 
lengths of the circuit. The only insurance against interruption 
of the user^s service is then a local steam auxiliary or storage 
battery. 

In this paper we are concerned with the first three considera¬ 
tions and a part of the fourth consideration, all of which deal 
directly with th,e porcelain insulator. 


3. How Should Insulators be Tested? 

We have in the past tested insulators with high poten¬ 
tial at the available frequency of 60 cycles. In suggesting 
testing with high frequency it becomes necessary to differ¬ 
entiate between the different kinds of high frequency that can 
be produced by different types of apparatus. There is the 
continuous high frequeiicy as given by an Alexanderson gen¬ 
erator and there is the high-frequency wave train produced 
by a discharge of a condenser through a transformer having 
no iron core. In each case there is the question of what value 
of high frequency to- use and what potential. These factors 
will be considered more in detail later, but we can find immediate 
answer to the question of the proper tests to make by state¬ 
ment of the conditions to which the insulator is subjected. 
Insulators in practise may become faulty due to unequal ex¬ 
pansion of metal, cement and porcelain, but even then they 
seldom get an opportunity to fail at 60 cycles because of the 
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fact that every circuit has superimposed on the 60-cycIe poten¬ 
tial occasional higher frequencies coming from switching and 
variations in load which reach the gradually developing faults 
in the insulator before the deterioration is sufficient to be af¬ 
fected by the 60-cycle wave. This whole question of what 
conditions of potential and frequency to impose in test on an 
insulator can be answered in the general statement: test the 
insulator tinder the same conditions which cause its failure in 
actual operation. These conditions will now be reviewed. 

4. Classification op Faults in Insulators 

There are two entirely distinct conditions of failure between 
which w^e must differentiate. First, complete failure of the 
porcelain by cracks, leaving only air and moisture as insulation 
between the metal terminals of the insulators. There is no 
need to discuss refinements of tests in this case. The desired 
tests consist simply in furnishing sufficient voltage to break 
down the air gap in the crack of the porcelain. If there is 
moisture in the air .gap an ordinary resistance test with a megger 
will show the presence of the crack. In the absence of moisture 
a higher voltage must be used. Second, flaws consisting of 
small cracks, laminations, air pockets, porosity, etc., in insu¬ 
lators which withstand the normal 60-cycle potential ap¬ 
plied to them and even the higher value of 60-cycle test po¬ 
tential, but will fail under the imposition of high-frequency wave 
trains such as occur in lightning strokes, switching, etc. 


NOTES ON TESTING OF INSULATORS WITH THE 

OSCILLATOR 

5. Problem of Testing the Thousands of Insulators 

Already Installed 

One of the most important points regarding ^ 

n^rillator lies ixi the fact that it can be made so light and inex 
osciUator lies in ;+ oan be used by the trans- 

penswe and^ easy to assistants to test out insulators 

mission engineers an (destination, and also to test out 

after they have, arr ved a^t destma , 

the thousands of 

the past dozen years, and tnereoy y 
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6. The Conditions to which Insulators are Subjected 

IN Use 

In order to determine the nature of the desired electrical tests 
the following analysis is made. Insulators are damaged elec¬ 
trically, first, by lightning; second, by surges from switching; 
and third, by surges from accidental arcing grounds, and the 
like. The duration, voltage, and frequency of these surges 
will now be analyzed. 

7. Duration Characteristics of the Three Kinds of 

Surges 

Lightning has the characteristic of momentary duration, but 
a stroke may be repeated a number of times in such rapid suc¬ 
cession that the successive strokes appear to the eye to be one 
strpke. There are many records taken by moving photo¬ 
graphic films which show conclusively that lightning does come 
in multiple strokes. 

Switching surges are also of comparatively short duration, 
taking place only at the moment of closing or opening of the 

oil switch or the blowing of a fuse. 

Surges set up by accidental grounds are frequently of con¬ 
siderable duration, lasting many seconds or even many minutes. 
Single-phase short circuits sometimes cause high voltage in 

other parallel circuits. 

8. Rise op Voltage of the Three Kinds of Surges, and 

the Frequencies Involved 

In each case the rise of potential also must be considered as 
a factor of menace to the integrity of the porcelain insulators. 
In the case of lightning there is no limit to the potential except 
that which will cause a discharge from line to ground. In the 
case of switching, the voltage on the line nearly always reaches 
double value; and with changes of ratio of capacity and induc¬ 
tance in the transmission circuit or with partial resonance, the 
surges may rise to considerably more than double line potential. 
In the case of arcing grounds the voltage will usually rise to 
double value and there are many chances of a resonant condition 
existing which will carry it much above double value. 

9, The Oscillator Testing Set 
The testing set, as developed, is shown in Fig, 1. It consists 
of the following elements as shown in the diagram, Fig. 2. 
a. A 60-cycle step-up transformer. 
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b. A condenser placed across the terminals of the high-volt¬ 
age coils of the transformer. 

c. An adjustable gap. 

d. An oscillation transformer, oil-immersed, without iron 
core, consisting of a few turns on the primary and many turns 
on the secondary. The regulation of this transformer is made 
as good as can be obtained and, unlike the wireless outfits, 
there is no dependence placed on obtaining resonance for the 



Fig. 2 


ordinary tests. 

e. A sphere gap made up of spheres of 
diameter equal to maximum air gap. 

f. A suitable reactor to protect the step-up 
transformer against the damaging effect of 
short circuit when a spark takes place pii the 
small gap. 

The ratio chosen for the 60-cycle trans¬ 
former is 110 volts to 13,000 volts, as both are 
standard and 13,000 volts is high enough to 
give good effects in the oscillator, in the set 
large enough to test ordinary single-unit in¬ 
sulators. This outfit is capable of producing 
a voltage represented by a setting of 125,000 
volts on the sphere gap and is capable of 
operating at this value all day long continu¬ 
ously. This is the testing set recommended 


o“hrrcuia“r”?St?^ for general use. For testing single lower 
set^for porcelain insula- yoltage insulators a Smaller set can be built 

c: contl-ofgap Special needs. 

d, oscillation transfer- The main frequency of the natural oscilla- 

e, sphere gap tion of such an Outfit without the secondary 

f, senes inductance ' . - • i. x 

of the coreless transformer in place is about 


200,000' cycles per second. The range of high frequency 
recommended for testing s 150,000 to 400,000 cycles per 


second. 

The maximum rate of discharge should not be less than 1000 
kv-a. This maximum rate of discharge is not dependent on 
the kilowatt rating -of the 60-cycle transformer but depends 
mostly on the electrostatic condenser. 

The foregoing data cover the characteristics of a testing set 
which is capable of testing most of the insulators in use. It 
is eaily manufactured and satisfactory in operation. A con¬ 
venient form is shown in the accompanying illustration, Pig. 1. 
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10. Control of Voltage of the Oscillator 

The voltage is controlled by gradually opening the control 
gap shown in Fig. 2. One electrode of this control gap is con¬ 
nected to a long insulating rod which permits of handling while 
the arc across the gap is playing. In this way the voltage is 
gradually increased to the desired value while it is being applied 
to the insulator. 

The control of the voltage by the use of the control gap alone 
gives a very simple condition and its use is recommended m 
spite of an increase in the number of wave trains per second 
at less than quarter its maximum voltage. If this increase in 
the number of wave trains were a serious matter it could ^ be 
taken care of in either one of two ways. First, by decreasing 
the total time of applications of voltage to the insulator, so as 
to give the same total number of wave trains, when the control 
gap is small and sparking over more than one per half-cycle. 
A test of one minute with 120 alternations per second.gives a total 
of 7200 wave trains per minute. The other method of getting 
a definite number of wave trains applied to the insulator could 
be accomplished by* reducing the voltage at the terminals of 
the 60-cycle transformer, thus making the peak voltage corres¬ 
pond with the spark voltage setting of the control gap. In 
this wsij a single wave train per half-cycle will be produced. 

As a matter of experience it is found that except in special 
cases the variation in the number of wave trains is not a serious 
matter in the practical testing ofdnsulators. There are several fac¬ 
tors involved. First, the time of rest of an insulator set at one 
minute or ten seconds is a quite arbitrary value and the period 
might well be chosen as two minutes if so desired. Two minutes 
would' correspond to twice the number of wave trains per 
second. It is desirable to maintain the standard of one minute 
for test for reasons of economy. Second, the greater number 
of ■wave trains "s produced at the lower values of voltage and 
the lower values of voltage correspond to small insulators on 
which there is a large factor of safety. As the matter stands, 
then, there is a greater number of wave trains applied to the 
lower voltage insulators, but they are capa:ble of withstanding 
it and the extra number of wave trains applied for one minute 
is not suf&cient to cause deterioration of good porcelain. 

In Figs. 3, 4, and 5 are given three oscillograms taken in the 
60-cycle circuit of the oscillator which show typical conditions 
for three different values of voltage generated in the secondary. 



PLATE XXIX, 

A. I, E, E. 

VOL. XXXIV, 1915 



Fig. 1 

125-kv oscillator with sphere gap voltmeter, other^tS^S ofthe 

formi'^Jhor af tL left to which o^^^^ ^^^fchlirriestL voltmeter is grounded 

coreless transformer if grounded .nLk is pla^ng. 
so that it can be handled while the spari^ is piaying 



Fig. 3 

. ' * 4 . ,~.-p +'W <3 n< 5 ri 11 ator whcn the control gap is 

illogram of voltage in the 60-cycle discharge at the control gap per 

6olo volts effective There fs only one mam on the oscillogram by a 

When a spark at the control gap tai^es piace 
a drop in voltage. 


[CREIGHTON] 
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Fig. 4 


[CREIGHTON] 


Oscillogram of the voltage on the low side of the 60“cycle transformer when the control 
gap is set for 12,000 volts. There is only one main discharge at the control gap per half¬ 
cycle of the GO-cycle circuit. 



Pig. 5 [creighton] 

Oscillogram of the voltage on the 110-volt side of the 60-cycle transformer. A blast of air 
was playing on the arc which removed the ionized gases and thereby introduced about 
three wave trains per half-cycle, all of which are about equal. 
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ComxDariixg oscillograms of Fig. 3 and Fig. 4, it is seen that 
the voltage at the control gap may be reduced more than 50 
per cent by decreasing the length of the control gap without 
increasing the number of wave trains per second which are 
effective in producing the high voltage on the secondar 3 ’ of the 
coreless transformer. In a 60-cycle circuit there are 120 
alternations per second and the gap should spark over at each 
X^ealc value of the 60-cycle potential. When the gap sparks 
over it is indicated on the oscillogram by a sudden drop. In 
Fig. 4 there are extra oscillations after the first peak value which 
re-light the spark but the voltage is so low, as compared to the 
peak value, that it is negligible. 

In Fig. 5 an air blast is added which carried the ionized gases 
of the spark away and causes the voltage to rise to practicalH" 
full value two or three times per half-cycle. The spark at the 
control gap is then extinguished and the voltage curve gradually 
drops into the regular 60-cycle wave, the distortion being due 
to the electromagnetic energy derived from the series reactance 

in the 60-cycle circuit. 


11. Measurement of Voltage 
The only available practical method of measuring the volt¬ 
age of high-frequency wave trains is,by sphere gap. x\lthough 
the voltage may not be accurately expressed in \olts, due to 
the unknown conditions of ionization and deionization at high 
frequency, and also due somewhat to the inevitable dielectncal 
spark lag, still there is no reason for not accepting the voltage 
measurement taken by the sphere gap. Since this statement 
may be open to question, a further analysis of the object we have 
in view and how it differs from other voltage measurements is 
given in an endeavor to clarify the situation. Under the ordma^^ 
Lnditions of power distribu.ioo for lighting .t ,s 
to have a definite voltage which can be 
upon in order not to damage the lamps “ 

appfied or to have the voltage so low as “ f'‘ “ ““f“h, 

ntnouiit of light. The object in view m measunng tae ni n 
amount ox i g in any way similar. Therefore 

frequency wave trains 

tTr/=v -not- npcd to have the same sranciciiu.. 

we do not to na accurately stated, the 

measurement of the ^olteg , desire to know 

equivalent sphere gap, terminals of the insulator to 

l'?je‘jrto“arc”vLr puncture. Although it umuld be of 
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interest to express this tendency to spark over the insulator in 
terms of accurately expressed voltage, either peak^ value or 
effective value, it is not at all essential. The essential feature 
is to have a standard of reference with which to compare differ¬ 
ent types of insulators, different forms and conditions of elec¬ 
trodes, and such other features of design as produce the most 
reliable insulator. The sphere gap furnishes reliable means of 
measuring the limiting condition which will cause a spark to 
form over the insulator, and it is convenient to express the gap 
length in terms of the voltage which will cause the gap to arc 

over at the usual frequency of 60 cycles. 

In choosing the sphere gap the diameter of the sphere is made 

about equal to the maximum gap length to be used. 

There is another value of voltage that it is desirable to measure 
for the information it gives relative to lightning arresters; that 
is the minimum gap setting of the spheres which wUl take all 
the discharge away from the insulator. This minimum gap 
setting is considerably below the maximum gap setting which 
causes practically all the discharges to take place across the in¬ 
sulator. The intermediate values of sphere gap settings be¬ 
tween the maximum and minimum are in general of no partic¬ 
ular interest. 

Instead of giving the equivalent sphere gap in centimeters 
or inches the values are translated immediately by means of 
the scale on the oscillator into equivalent kilovolts at 60 cycles. 
In some cases we have used a straight scale subdivided into 
kilovolts underneath the supporting rod of the grounded sphere. 
In another case we have attached a wire to the shank of the 
grounded sphere and passed this wire around a cam which 
carried a pointer around a circular dial as shown in Fig. 1. 
The large dial adds little to the expense but it has the advantage 
of being read more easily and is economical of time in testing. 

For special conditions of study a dial has also been used on 
the control gap which measures the gap length. The ratio be¬ 
tween the voltage on the control gap and the voltage pro¬ 
duced on the sphere gaps will vary according to the load that is 
placed in parallel with the sphere gaps. However, for any 
fixed condition of load the control gap can be calibrated and 
used as a measure of the applied potential with a fair degree of 
accuracy. The control gap gives the maximum voltage gen¬ 
erated and the sphere gap gives the maximum voltage that 
exists across the insulator, vriiich is naturally less than the maxi- 
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mum super-spark voltage applied. The voltage measured by 
tlie sphere gap is somewhat above the spark voltage of the in¬ 
sulator when the voltage is gradually increased in the usual 
way. The dial, then, on the control gap has its special uses, al¬ 
though it is not an essential part of the testing outfit for the 
usual tests that have been made on insulators in the past. 


12, Kilovolt-Ampere Capacity op the Oscillator 

The kilovolt-ampbre capacity of the testing apparatus is 
imi^ortant, especially where a number of insulators is tested in 
multiple. The capacitance of the electrostatic condenser used 
with the coreless transformer, together with the inductance and 
regulation of the coreless transformer, determines the value of 
power which can be delivered by the testing outfit. The pouer 
of the oscillator is used up in producing corona over the surface 
of the insulator and its connecting wire. In the oscillator test¬ 
ing set designed for general use, there is sufficient energy to pro¬ 
duce spark-over on five disk insulators in parallel when the elec¬ 
trostatic condenser has a capacitance sufficient to store up 500 
microcoulonibs. By doubling the capacitance it is possible to 
test ten suspension type insulators in parallel. The 
this oscillator is 125 kv., which it can carry continuously. ^For 
short periods of testing it has been used up to 175 kv. on a single 
insulator. It is capable of producing for an instant approxi- 
mately 5000 kv-a. A somewhat smaller outfit could be used f 
testing single insulators of the suspension type but the smaUe 
oscillator would have less application^ an wou ^'ly® 
siderable knowledge of its charactenstics and ^ 

prevent its being used under conditions which would give made 

quate potential stress on the insulator. 

We have in the laboratory an old a cod out^^ 

smaller, but the kilovolt-ampere capacity of out^ 

sufficient to spark over an insulator designed ^ a-- na 

sumcicni co sp.ij. insulator and extending 

The corona, formed at the hea available 

out about an inch over the surface, absorbed all the avaiiame 

energy from this outfit far below arc-over voltage. 

13. What can be Done with the 

duce Operating Conditions of Ins ^ 

The ideal criterion for testmg 
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lator adapts itself with a fair degree of perfection to the repro¬ 
duction of all of these conditions and it is only a matter of choice 
on the part of the engineer to get with its use the mildest or 
nearly the severest conditions of electric surges. These different 
degrees of severity-of test can be obtained with gi eater ease and 
simplicity than with the 60-cycle testing apparatus. Theie is 
needed ho special motor-generator set, no fussing about sine- 
wave alternators, no question of limited kilowatt capacity due 
to the use of more or less resistance, no 15,rge transformer and 
separate means of excitation of the generator, etc. Two turns 
on the screw of the control gap give the full range of voltage, 
the maximum of which may be far above the at c-over voltage 
of the insulator and yet no short circuit is produced on the oscil¬ 
lation'transformer, such as takes place in the 60-cycle transformer 
when a spark occurs. The other factor involved in the tests is 
the duration of application, which can, of course, be fully con¬ 
trolled by a hand switch. 

14. Tests with the Oscillator with Six Gradations of 

Severity and Duration 

A number of arbitrarily chosen tests graded in severity and 
time of application, which correspond to surge conditions in 
practise, are given below for illustration. 

The first gradation, the mildest test with the oscillation trans¬ 
former, consists in opening the control gap gradually until a 
slight corona appears on the insulator but keeping the applied 
high-frequency potential considerably below the value which will 
cause a spark around the skirts of the insulator. The corona 
is plentiful, audible, and visible in daylight, and therefore there 
is no difficulty in arriving at the desired degree. If this potential 
is applied for a very brief time it corresponds to a light induced 
discharge of lightning on the line, surges from switching, and the 
momentary arcing ground through enough resistance to prevent 
high potentials. This test is too mild to have any value except 
when the insulator is cracked or punctured. 

The second gradation of testing is the application of this 
potential (somewhat less than the spark potential of the insu¬ 
lator) during a long period of time—say from one minute to five 
minutes. This test corresponds to a mild condition of sustained 
arcing ground. Insulators that will not stand this test would 
surely fail in service. The test is also too mild to consider for 
practical use. 
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The third gradation is obtained by opening tlie control gap of 
the oscillator so that the potential rises to a value sufficient to 
occasionally spark around the insulator—say once every second 
or so. Again this discharge may be applied for a fraction of a 
second, corresponding to dangerous lightning discharges, dan- 
gerotis surges from switching and from momentary arcing 
grounds. 

The fourth gradation consists in applying this discharge for a 
longer time, ranging from one second to five minutes, which 
corresponds to high-frequency surges generated by unusual condi¬ 
tions of vicious arcing grounds for a period corresponding to the 


duration of test. Such arcing grounds may or may not cause a 
short circuit which ends the application of high voltage. Applied 
for one second, the test corresponds to 120 lightning strokes m 
quick .succession of a voltage equal to the arc-over voltage of the 
insulator or soine lesser unknown number of strokes scattered 
over several years. The test is very mild as a substitute for 
lightning strokes, as they come, of various values of potential 
above the value which is necessary to cause a spark around the 
skirts of the insulator. A duration of one minute makes a fair 
test and is recommended as a tentative standard. 

The fifth gradation consists in opening up the control gap 
of the oscillation transformer so that momentarily the osalla- 
tion transformer gives its maximum voltage, which should be 
a super-spark potential for the insulator. _ This 
is applied to the porcelain during the brief time of J^lec ^ 

spark' lag that is required to form the spark around the skii^ 

‘ , i, . -1 . the time necessan’’ to 

of the insulator or, otherwise, dunn,, rne ■ 

Duncture the porcelain. This test, applied momentanh, cor- 

puncuu i i:o-nd-r,i'-ncr Hikrharo-e It corresponds 

responds to a very heavy lightning eschar e. J 

alsi to a rare case of switching and also amd 

rlitio-ns where there is a cross between a high-voltac, 

ditions where tnere tp, „ of a number of these single 

one of lower voltage. insulator may get in operation 

strokes is nothing more than fto this test 
in due time. The surge potential corresponamg 

_ , -npr vear on a transmission s\sreni. 

may not appear many times p y Scarcity of good 

Good continuous service suggests th ' this as 

toe insulators may not always permit the adoption of this 

ordofSWM “erafs” This latter test may very justifiably 
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be considered from a conservative standpoint as more severe 
than is necessary, more severe than actually occurs as a rule in 
practise. It may, therefore, in the present state of development 
of insulators, be considered only as a comparative test to give 
the endurance of different types of insulators and may, con¬ 
sequently, be placed in the category known as a design test.’’ 

A 

15. Tentative Recommended Tests 

There are special tests of unusual severity which it may be 
desirable to make as comparative between different types 
of insulators, but with these special tests we are not con¬ 
cerned at the present moment. After testing many insulators 
the following test has been adopted for the purposes of this 
investigation. Raise the potential rapidly about two kv. every 
five seconds until an occasional spark is produced around the 
skirts of the insulator, a spark about every second or soj hold 
this potential for one minute; then raise the potential by about 

20 per cent, causing a flood of sparks around the insulator, and 
hold for ten seconds. 


16. Operators’ Viewpoint and Experience 

Mr. F. Osgood at the recent meeting of the Institute empha¬ 
sized very strongly that the oscillator had shown bad designs 
of insulators on their system, resulting in the complete elimina¬ 
tion of all the insulators of a certain type, and furthermore, he 
found weakness in all the older pin types of porcelain insulators. 
The manufacturers of insulators were asked to produce an in¬ 
sulator which would stand the high-frequency test and I under¬ 
stand they have been able to do it. This is a step toward per¬ 
fecting the insulation of a transmission line. 


17. When is the Oscillator Test Dangerous to 

Porcelain? 

In answer to the criticism that the method of test is dangerous, 
It sh^ould be noted that the surges on the line are also dangerous 
to the porcelain, especially if it is faulty. 

1 test is to make it dangerous to faulty porce- 

lain. The object should be, and before long will be, to damage 
and destroy every insulator which in practise would be damaged 

tn sood economy 

do this. If the test is made to correspond to the conditions 

porcelain is designed to withstand, 
n the statement of danger has only a desirable significance. 
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18. Recommendations 

Let tis examine the subject in its several different aspects: 
1st, old designs; 2nd, cracked, porous, or punctured porcelain 
of insulators already installed; 3rd, new insulators not yet in¬ 
stalled. 

First. We have not yet arrived at a condition of perfection 
of design of all pin insulators. Therefore, it is too early to 
recommend a wholesale slaughter of weak designs. Reasonable 
engineering judgment must be exercised in each system to weed 
out the insulators which are weak enough to fail under the 
frequently occurring surges of switching and accidental arcs; 
but the next better grade should not be damaged by too severe 
tests and should be left in place on the lines to run chances in 
escaping a heavy strain due to lightning, until the evolution of 
design and manufacture brings forth a more perfect insulator. 
The test of these old insulators in place should therefore be 
milder than it will eventually be desirable to make it. It is 
not difficult to get a conception of the possibility of damaging 
an insulator under test. A time test, as described later, made 
on a number of insulators will determine the possibilities of 
damage from the test. 

If old insulators are mounted on wooden cross-arms and the 
pins are not grounded a much weaker insulator can be used suc¬ 
cessfully than where the pin is grounded. Still the cracked 
and punctured porcelains must be removed from the circuit, 
because a failure of the insulator causes the destruction of the 
supporting wood and is consequently a great menace which 
threatens long-continued interruption of service while a pole 
and arm -are being replaced. 

Second. In the case of porous or cracked or otherwise badly 
weakened porcelain the test must be severe enough to show the 

fault. 

Third. In the purchase of new insulators the requirements 
of test should be severe enough to show faulty design and the 
presence of flaws which will subsequently be developed by the 
surges under service conditions. Rigorous tests should be used 
on new insulators before installation to determine definitely 
that neither the design nor the quality of porcelain is poor, 

19. Is THE High-Frequency Test Dangerous to Good 

Porcelain? 

The next question relates to the danger of the test to good 
porcelain. Every test which carries the electric strain up to the 
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maximum limit of the porcelain is very liable to cause danger even 
to good porcelain. If, as it should be, the thickness of porcelain 
is made such that the spark potential around the skirt is very 
much less than the puncture potential and the design is so made 
that the potential gradient at any point has a reasonable value, 
less than the damaging value, then the recommended high- 
frequency tests can be made without damaging good porcelain. 
If many insulators fail it may be an indication that they are too 
near the danger limit of electric stress. In further reply to this 
criticism, it should be recalled that the results of tests on 60 
cycles have shown that the 60-cycle potential at spark-over 
value may also damage porcelain. 

In a paper presented to the A. I. E. E. June 1911 by Mr. Aus¬ 
tin, he showed that the 60-cycle potential applied to a rack of 
insulators would puncture quite a number of them during the 
first period of a few minutes and would continue to puncture 
insulators during every minute that the test was continued, 
although at a lesser number per minute as time went on. From 
this it is evident that at the end of a minute test there will 
necessarily be some porcelain insulators which are just ready 
to puncture and may be in a condition described as damaged. 
Familiarity with the rule of one minute duration of test may cause 
the critic to overlook this condition. The subject will be some¬ 
what clarified by the observations on the nature of flaws given 
later. 

Since 1911 there has been very evident progress made in the 
manufacture of electrical porcelain. From our observations 
on the use of high-frequency potentials for testing insulators it 
would appear that defective insulators would be picked out ear¬ 
lier by the high-frequency tests and our test results show that 
batches of suspension insulators delivered to the laboratory have 
withstood high-frequency tests by the hour without losing a 
single insulator among them. Some tests were run continuously 
nine hours per day for six days with the voltage at barely arc- 
over value, and the insulators are still in good condition. This 

experience tends to show that only the faulty insulators will be 
picked out by the tests.^ 

This question of damage to good porcelan in particular cases 
can be determmed sometimes by special tests on insulators. 
If an insulator is tested continuously for an hour without punc¬ 
turing, It is reasonably evident that a one-minute test will not 
damage the same porcelain and a test I mited to a few seconds 
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rives still further assurance. The question then of the duration 
of test and the damage that results, thereby can be determined 
on special lots of insulators by the nuinber that is damage 
a riven time, which should be made long as compared to the 
^ j j- ^ A ii-atiAn of test Our own results show that an 

standardized duration ot tesu uur own ic ViicrTi 

insulator of good design and good porcelain will ® 

frequency discharge many hours. In thus comparing 
different designs of insulators or two different makes of insulators, 
“iint^hat one .ha. wi.hs.a»ds .he 
longest time will be the be.Mr insulator to use. If many insula¬ 
tors under test are shown to be damaged by a ^ 

it is evident that the design is faulty or the porcelain defective. 

H the test is made less severe than reasonable, then poor insula¬ 
tors will be ins taUed on the line. With poor insulators « 

becomes amatter of chance how soon they “^ht bf u ^ 
On the ideal line there should not be used a single insulator that 

will puncture. 

20. Porcelain is not Heated by Normal Test with the 

Oscillator 

A criticism of the method has been that the high frequency en 
tails dielectric losses which it is feared will damage P 
There is no doubt that the high-frequency test 
heat in the porcelain, by some sort of 
comes from the application of 60 cycles There 
that the high frequency will reach arid damage a P 
more quickly and much more surely than ^ 

In regard to this heating, however, there should be no 
between the application of high-frequency wave trams at 
So 000 cycles from an oscillator and high frequency rom a gen¬ 
erator. In the ^ 20 °tii^rper sIcond.’'%^^^^ adja- 

rtTralLTh^ itapplied 

times the duration of a train, during which 

to the insulator. On the other hand, when the ^ 

plied by a high-frequency generator, the high reque y 

lutely continuous and the heating of the porcelain is ®o^P“ ' 

ingly magnified. With continuous 

possible to overheat the insulator and da^mage heat alone^ 

Even under continuous frequency nearly all the ^ 

from corona in the air and very little from dielectric y 

in the porcelain. 
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In conclusion, long-continued tests have shown that there is 
no danger of hysteretic heating of good porcelain insulators by 
the recommended tests using the wave trains of an oscillator. 

21. Heating op the Surface of the Imsulator by Corona 

AND Sparks 

^ As to the darnage from heating the surface of the porcelain, 

it can be stated in general that the corona may take place over 

periods of several minutes without heating up. the porcelain more 

than a few degrees. It is hardly perceptible to the touch. The 

sparks have more heating effect but nothing serious— a rise of a 

few degrees. There is one undesirable condition, however, which 

toU be perfectly evident to the tester: When, due to using very 

eavy discharges, the spark concentrates in one fixed streak 

around the porcelain skirts, local heating can take place on the 

surface of the porcelain. This concentrated heat will usually 

iW,r! ^ P°rcelam in a minute or so. This fixed spark is an 

tioL of f avoided by changing the condi- 

ons of test It should be understood that the proper testing 

diSfiifk f T If' St “t* successive 

eyd is that of many 

whole surface oltheTJSor'" distributed over the 

22. Characteristics of the 125-kv. High-Frequency 

Oscillator 

os^“at t‘tettneT Mr.^? 

rr sZf “ fhr" ‘f —" iiir Lcrs of: 

chi.^.::irortL'~ 

present: ‘’1 “l "" ‘stewith 

the writer intended to connect the info comment by 

the paper. 01 ‘mation with the rest of 

as to be able to test a number of insuln+o ^ regulation so 

drop of voltage. When insulators are connt^Jd toTh^°''^ 
the voltage faUs off due to regulation th ^ ^ ^ oscillator 
voita^e coil suppHes two 
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brush discharge and the capacitance of the insulators. These 
conditions call for as close a coupling between the two coils of 
the oscillator as can be obtained. Owing to the variation of 
the capacitance of the high-tension circuit of the oscillator, with 
varying loads, it is impracticable in general work to use loose 
coupling between primary and secondary, and depend on ad¬ 
justing the inductance and capacitance for resonance, litith 
close coupling, the voltage generated at the high-tension terminal 
of the oscillator will depend chiefly on the ratio of turns between 
primary and secondary windings of the coreless transformer. 

The ™ltag. applied to the condenser depends upon the setting 
of the control gap. The preferred form of control gap consists 
of two wheels rotated by a motor. The spark takes place be¬ 
tween the peripheries of the two wheels. This arranpment 
reduced the wear caused by the spark and^ also maintains the 
spark potential at a constant value for any given lengt o spa 


^ Figs. 3 and 4 show oscillograms of the potential across the 
110-volt primary of the 60-cycle transformer. In Fig. 3 the 
control gap is set for 6000 volts effective, and in Fig. or , 
volts. The latter is the maximum rating of the condenser. 

will be noticed in both cases there is only one 
for every half-cycle. When the spark takes place, it short- 
circuits the high-voltage side of the 60-cycle transtor and a 
sudden decrease in voltage across the 

primary source of power is not s ot -circui e ^ 

is mointarily shifted from the 60-cyc e transformer o the 

series reactance shown in Fig. 2. It is only at 

on the control gap that the number of wave trains per half cycte 

o?th: “o-cycleMcuit increases materially. At --ha 

makes comparatively little difference in the effects ob 

the number of wave trains per second does rncrease^ 

In Fig 5 an air blast is applied to the con g P. _ , 

4 . 4 - Ronn Trnltdi Two or three fuh-voltage sparks occurre 

eve^ half-cycle This materially increases the average current 

ber of sparks per half-cycle vanes according to the lengt 

6 rive a measure of the oscillating currents 
The curves of F g. g ^ oscillator at various set- 

in the high- and low-tension, c of the coreless 

tings of the control gap, g values of the control 

tramformer being short-circuited. The values 
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gap were obtained by calibrating the gap with 60-cycle voltage, 
the values of current increase with the control gap This in¬ 
crease IS not directly proportional, as the resistance of the spark 
mcreases with the length of control gap, causing more rapid 

The no-load characteristic is shown in Fig. 7, curve A The 
normal voltage rating of the oscillator, 125 kv., is obtained at 
no-load with a control gap setting of 5 kv., which is less than 



1 ^-circuit characteristics of a 125-kv oscillator ^ a v • 

kilovolts across the control gap versus threffeSive currJrfi-^* relation of 

transfo^er when the high side of the coreleS TrarJtf!? ^ m the low side of the coreless 
relation of the kilovolts acrosfthe coofro^^ short-circuited. Bottom 
high side of the coreless transformer. Thp ciirrA-n 4 -^°^ versus effective amperes on 
® curve (C) is the relation of the kilovolts hot-wire meter, 

watt input of the oscillator measured on the C^cycle ridlf 


F were 

taken with varying numbers of suspension type insulators con¬ 
nected in parallel to the terminals of the oscillator. With only 

arc-over voltage of the insulator 
^A ^rc-ojer voltage decreases when more insulators 
tln^ in ParaUel, due no doubt to the combined effects of 

of t^rnl from the corona on the surfaces 

of the parallel insulators and the difference in the arc-over volt- 

Z. H insulators. With five insulators, the arc- 

voltage measured by the sphere gap was 77 kv. These 
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curves are practically parallel, and their different locations are 
due to the change of voltage ratio of the coreless transformer 
caused by the capacitance and corona at the insulators. 

The effect of this load on the regulation of the oscillator is 
illustrated in Fig. 8, which shows the voltage obtained with 
varying numbers of insulators connected to the oscillator while 
maintaining the control gap constant. The voltage drop 
amounts to about 40 per cent from no load to full load, five 
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KILOVOLTS ACROSS CONTROL GAP 
MEASURED BY GAP LENGTH 


Fig. 7 

Mnerated by the 123-kv. oscillator in terms o£ coiitroj gap setting. Top, ciOTe 

f A') no foal on the coreless transformer. Second curve (B), load of one pspen^on - 

^A), load of two suspension insulators m multiple. The fourth 

curve oid of Slee iu pension insulators fn multiple.. Fifth curve (E) fo^ suspension 

insulators in rnultiple. Sixth curve (F). five suspension insulators in multiple. 


insulators corresponding to Ml load for the condenser used in 

The number of insulators that can be tested in multiple is 
directly proportional to the capacitance of the condenser m 
the low-tension circuit of the oscillator. This is illustrate in 
Fig. 9. By doubling the capacitance, the number of insidators 
that can be tested is increased from five to ten. The addition 
of capacitance to the oscillator lowers the frequency so that 
the output of the oscillator is limited by the minimum permis- 
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sible frequency. The output can also be increased by raising 
the voltage applied to the condenser. However, the voltage 
necessarily increases more rapidly than the number of insulators 
that can be tested, so that the more efficient way to increase 
the output of the oscillator is to increase the capacitance of the 
condensers. 

Fig. 10 shows the load curve for the 125-kv. oscillator, with 
the insulators connected in multiple in strings of two in series. 



Fig. 8 

Voltage regulatiozL for variable loads 
with three different settings of tlie con¬ 
trol gap on the 126-kv. oscillator. In the 
first curve (A) the control gap vras held 
constant on a setting of 5 kv. and the 
load vras increased from no insulators to 
five suspension insulators in multiple. 
At the addition of the second ins^ator 
the voltage was reduced slightly below 
the arc-over voltage of the insulator. 
Curve B is for a 4-kv. setijing of the ^n- 
trc^ gap. curve C for a 3-kv. setting. The 
maxixnum possible setting of the control 
gap in this oscillator is 10.5 kv. 



Fig. 9 

Curves showing the gain in kilowatt 
capacity by increasing the capacitance of 
the condenser in a 125-kv. oscillator. 
Curve B shows that the load can be 
practically doubled by doubling the 
capacitance to 0.08 mf. There was genet- 
ated constantly for all values of load and 
control gap, a voltage of 80 kv. across 
the insulators. This is slightly below 
the arc-over voltage of the , insulator but 
sufficient to give extremely heavy corona. 


The control gap was set at 16.5 kv., which is beyond the rating 
of the condenser supplied with the standard outfit. In addi¬ 
tion, an air blast of about f of a pound per square inch was used. 
The regulation in this case was 18 per cent drop from no load 
to a load of 16 insulators. The current supplied to the insulators 
was measured with a hot-wire ammeter. This current increases 
with the number of strings of insulators added, about 50 milli- 
amperes for each string added. The input of the low-frequency 
transformer was measured and remained constant at two kw. 
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23. Natural Frequency of the Oscillator 

The frequency of the wave trains in the low-tension circuit 
of the coreless transformer, having the secondary coil removed, 
was measured with a cymometer. The search coil of the cymo¬ 
meter was loosely coupled electromagnetically with the low- 
tension circuit of the coreless transformer. The capacitance 
of the cymometer was then varied until the maximum voltage 
was obtained, which was indicated by a small lamp. This 
frequency is 220,000 cycles per second. The high-tension coil 
of the coreless transformer was then replaced and the sphere 
gap opened beyond the value which would allow a discharge to 



Fig 10 

In the.e curves the control gap was set at a consta^with an air blast 

playing on it. It is an abnormal condi i suspension insulators in series and 

The load on the oscillator consisted than when one disk alone was used, 

thesras units. By so doing Wg^er voltage was avadaWe than wM f ““nfv 

The upper curve shows the d ecrease in voltage on^^ insulators due to the high-freauency 

The lower curve shows the increase m currenx 
wave trains as the load is incre‘a.^ed. 

take -olace The two frequencies of a close-coupled circuit 

wS; SSobtained, which were 238.000 and 

second. With a load of five «ors on »°llate ody 

one frequency could be deleted which was 360 

second The reduction in maximum frequency 

oleles 5er second to 360,000 cycles has apparently no practical 
cycles per secona xo , _ . frequency were prominent 

bearing on testing. If the g h matter of fact it has 

it shduld lower the spark voltage. 0 . 5 . 10 += ■ increasing 

just been shown that the contrary condition emsts. mcreasmg 

the load lowers the W staves between the 

Setting aside the possible efferts of oed be 

parallel insulators, the change m natural frequency, 
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sured by the cymometer, has the effect, if any, of having in¬ 
creased from the minimum value of 238,000 to 360,000 cycles 
per second. There is no question at issue at present in this 
matter of frequency and voltage measurement. It is admitted 
that the theoretical problems, as a whole, are complex. There 
is involved dielectric spark lag for jump sparks and creepage 
sparks, and a consideration of each as it is affected by frequency, 
wave front, logarithmic decrement, energy in the corona, po- 



Fig. 12 

characteristics of a 250-kv. high-frequency oscillator with the high side of 
the coreless transformer short-circuited. The following relations ar^ givL- % 
across control gap versus current in low side of coreless transformer (Curve A') Kilo¬ 
volts across control gap versus current in high side of coreUsrSfnformer (cLve^^^^^ 

r. , blast was then played on the spark in the control gap. Curve D corresoondc! to 

with the oS 


tential gradient, etc. All of these things are beside the point 
and beyond the scope of this paper. The same problems 
^Ppiy f'O 60-cycle circuits but the advocates of 60-cycle testing 
of insulators do not bring them into the discussion. The point 
is this: we are not directly concerned with the voltage which 
causes an insulator on a line to fail and thereby interrupt the 
service and damage the apparatus. The insulator must not 
fail. An insulator may pass a 60-cycle test but fail on a spark- 
over test from the oscillator. They are probably never strained 
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Fig. 11 
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The 250-kv. high-frequency osciUator. A small 

the grounded sphere. Just below is a wheel for BaS of the 

scale mvina the value of kilovolts for the different settings of the sphere, 

fomer^'sTis tL To the right is the 

to the iight in the foreground is a smal motor 
trol gap Back of the motor are the electrostatic 

coreless transformer supporting one sphere and having its other termina g 
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in use on the line with a voltage at 60 cycles because their factor 
of safety places the operating voltage at a relatively small frac¬ 
tion of the arc-over voltage. When they are strained by volt¬ 
age it is a high-frepuency impulse or wave train very similar 
in form and natural frequency to the wave trains generated by 
the oscillator. The wave trains in a transmission circuit will 
vary over a wide range of frequency but they will not differ as 
much in frequency from the oscillator as they do from 60 cycles, 
by more than a thousand times. 

24. 250-kv. High-Frequency Oscillator 

The general appearance of this oscillator is shown in Fig. 11, 
the construction being similar to the 125-kv. oscillator. The 
coupling between the high- and low-tension coils of the coreless 
transformer, however, is not as close, as more insulation is 
necessary between coils. The short-circuit characteristics are 
shown in Fig. 12. These are similar to those obtained with the 
125-kv. set. The effect of an air blast on the spark in the control 
gap in increasing' the current in the oscillator coils and the 
watts input, is shown in curves D and E. The current is in¬ 
creased about 40 per cent. 

Fig. 13 shows the no-load characteristic. For small values 
of control-gap setting the air blast increases the voltage obtained 
on the high side of the oscillator. This is probably due to the 
cooling effect of the blast raising the spark potential^ of the 
control gap. For higher values of the control-gap setting this 

effect becomes less noticeable. 

Curves B and D show the effect of connecting to the oscillator 
a 70-kv. oil-filled transformer bushing. These curves begin to 
bend over at about 230 kv. owing to the rapid increase of the 
brush discharge as the arc-over voltage of the bushings is ap¬ 
proached. This arc-over voltage is about 245 kv. 

PART II. THE PROBLEMATICAL POINTS OF MANUFACTURE 
25. The Manufacture of Electrical Porcelain 

In the order in which the work described in this paper was 
done, various experiences in testing porcelain with the oscillator 
should come next, but to understand the results of the expen- 
ments a knowledge of the characteristics of .porcelain in its 
various stages of manufacture is quite essential. Therefore thq 
processes of manufacture will be mentioned before contihWUg 
with the experiences of testing. 
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The object of this part of the paper is to endeavor to bring 
together the elements of scientific ceramics as they relate to 
porcelain for electrical purposes, eliminating all products per¬ 
taining to various other industries. 

The natural aim is to improve the integrity of the insulators. 
Simply put, it is desirable to have an insulator which will never 
puncture nor break and if the potentials from lightning get beyond 
its dielectric strength the insulator must spark over through the 



Fig. 13 

The relation of kilovolts across the control gap to the kilovolts on the high-tension side 
of the coreless transformer as measured by sphere gap. 

Curve A, no load on oscillator. Curve B, loaded with one 7(3-kv. oil-filled transformer 
bushing. 

An air blast was then played on the spark of the control gap and curves C and D were 
taken. Curve C, no load on oscillator, as in Curve A. Curve D, same load as in Curve B. 
It will be noted that except at low values of control gap the air blast had very little effect 
on the voltage generated. In general, with the revolving wheels for control gap, the air 
blast will change the number of wave trains without changing materially the voltage. 


air without puncturing the porcelain. To attain this end, many 
complex and unsolved problems must be considered. 

26. Desirable Qualities in a Porcelain Insulator 

1. It shall be mechanically strong in compression and tension. 

2. It shall be tough, not brittle or fragile. 

3. It shall be non-porous. 
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4. The porcelain shall be without appreciable cracks, lamina¬ 
tions, cavities, conducting flaws, or air pockets. 

5. It shall be of a fair, uniform dielectric strength. 

6. It shall have a permanent glaze without cracks, roughness 
or checks to hold dirt in the surface. It is desirable to have 
the glaze as non-hygroscopic as it is possible to obtain without 
sacrificing other factors. 

7. Incidentally the coefficient,of expansion of the porcelain 
should be low in order to permit of sudden changes of tempera¬ 
ture due to the weather conditions. 

8. The parts should be held together with non-changeable 
cement. 

9. In the matter of design the general rule to follow should 
be to keep the distance between the metal electrodes as great 
as the mechanical strength will permit. In general this rule 
calls for thicker porcelain than can be economically manufac-- 
tured. 

10. The design should be such that the air around the insula¬ 
tor is weaker to puncture than the thickness of the porcelain, 
even under super-spark potentials. 

11. The design should be such as to give a relatively long 
drix^ space for water so as to hold a high value of spark-over 
potential during a rain. 

12. For dusty countries extra lengths of creepage surface 
should be provided. 

It is far easier to state what is desired than it is to make defi¬ 
nite recommendations of how the desiderata are to be obtained. 
Everv possible avenue of investigation should be tried until the 
desired perfection of insulator is reached. 

27. Literature on Porcelain 
Most of the literature on ceramics treats of pottery from ^an 
artistic and historic standpoint. One must read hours to pick 
up a few grains of useful information on the electrical porcelain 
intended for engineering purposes. One long book, containing 
over 700 pages on the manufacture of ceramic materials, devotes 
only one half page to electrical porcelain. The Encyclopeffia 
Britannica devotes many pages to what can be seen on t e 
surface of some specimen handed down from the^ nations o 
antiquity. These specimens range in technical skill of manu¬ 
facture from the sun-dried pot, through the grade of soft porce¬ 
lain, and finally to the most difficult, namely the art porcelain 

composed of kaolin, or china clay. 
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The writers on porcelain have not yet recognized that the 
modern electrical porcelain involves more attention to the form 
of the parts than the most fastidious Greek ever gave his. If 
in the ancient Greek art the curves were poor it displeased some 
of the cultivated eyes—that was all. If in modern electrical 
porcelain the curves are poor, thousands of people are deprived 
of light and power—which might be conceded as a more serious 
matter. 

Electrical porcelain is an art of the present decade—an art in 
the making. The author has spent, much time culling out of 
the mass of literature on the civilization-old art some of the 
pertinent factors relating to electrical porcelain, and it is thought 
that such condensed information is of value to others who are 
interested but have not the time or opportunity to cover the 
subject. 

While making tests under new advantageous conditions the 
information has been brought to the attention of ceramic en¬ 
gineers, and it is hoped, through this system of checking, that 
inaccuracies regarding the porcelain manufacture in any of. the 
essential parts have been avoided. The difficulties of getting 
definite information on porcelain will be fully appreciated only 
by those who have tried. In our own meetings we- have even 
been advised as electrical engineers to leave this difficult subject 
to the particular man who fires the porcelain part. For the 
electrical engineer a cloud of mystery is thrown around this work. 
The desire to maintain trade secrets has obscured processes 
which are universally used. Either a knowledge of some of 
these processes must be furnished to the electrical engineer to 
interpret intelligently his electrical tests, or else the ceramic 
engineer must fully master the electrical problem of design and 
produce the finished satisfactory insulators. One naturally 
turns to the Proceedings of the American Ceramic Society for 
information. In the Annual Report of the Board of Trustees 
the statement is made that, “ Our industries are most of them 
old, and most of them have been and still are administered upon a 
mistaken policy of secrecy as a necessary condition of success. 
Very few practical ceramic chemists and works managers will 
tell what they know of their own branch of the industry.’’ 

28. Dry Process versus Wet Process 

- Dry Process Porcelain. We are not concerned herein with all 
grades of electrical porcelain. Porcelain for electrical purposes 
is divided into two quite distinct grades, known as dry process 
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and wet process porcelain. As indicated by the names, they differ 

^^ 8 ' 11 'iifacttire mostly in the way the porcelain pieces are formed 
into the desired shapes. In the dry process, the raw mixture is 
in the form of slightly moist granular particles containing about 
20 per cent of moisture by weight. These moist particles 
having the appearance of granulated or grated cheese, and are 
made to cohere in a moment into a handleable soft mass by being 
subjected to a high mechanical pressure in a mold. This pres¬ 
sure, no matter how great, does not squeeze out the entrapped 
air between the particles and furthermore, under the usual condi¬ 
tions of firing the open pores still remain. As a result, dry pro¬ 
cess porcelain is electrically only about equal to air in its dielec¬ 
tric strength. To get mechanical strength, the thickness of the 
porcelain parts is' usually great enough to give safe dielectric 
strengths of the order of a thousand volts. When the voltage 
impressed on this porous dry process porcelain is several thousand 
volts the potential gradient at sharp corners of the electrodes is 
suflficient to start a molecular bombardment of the airin the pores. 
As a result the porcelain becomes heated, its ohmic resistance 
rapidly decreases with temperature and there is added to the 
heat of corona, the PR losses. If the dry process porcelain 
is used on high voltages it is used as a mechanical support but 
not as an insulator. 

W"et Process Porcelain. The wet process porcelain is deposited 
in the form of a plastic cake, as will be described later, and 
although this cake becomes quite porous when it is dried out, 
the size of the pores, or the spacing between particles, is much 
smaller than in the dry process piece; consequently these par¬ 
ticles can be cemented together in the kiln by the flux when the 
temperature reaches the melting temperature of the flux. Look¬ 
ing^ at the condition from a slightly different standpoint, each 
grain of the dry process material is made up of many fine par¬ 
ticles of the same size as in the wet process and each grain be¬ 
comes fairly well cemented into a solid vitrified mass, but the 
separate grains of the dry process are vitrified together only in 
those touching points that are near enough together to be con¬ 
nected by the softened flux at high temperature. In the shrink¬ 
age many irregular masses are pulled slightly apart, leaving not 
only open pores but open streaks which are easily observed with 
the naked eye by first soaking the porcelain piece in red ink, (or 
better still aniline stain in alcohol), and subsequently breaking 
the porcelain piece into fragments. 



494 


CREIGHTON: INSULATOR TESTING 


[Feb. 19 


29. The Ingredients of Electrical Porcelain 

The three main ingredients of electrical porcelain are feldspar, 
clay and silica. 

The feldspar constitutes a large portion of granite rock. 
After the granite is crumbled a certain amount of free feldspar 
results. There are three feldspars which exist either separately 
or more or less mixed mechanically and chemically in the mines. 

1. Potash feldspar, known also as common feldspar or the 
mineral orthoclase. It consists of potassium, aluminum, silicon, 
and oxygen. K 2 AI 2 Sie O 16 

2. Soda feldspar—a tersilicate of soda—a mineral known as 
albite or indianite. It contains sodium, aluminum, silicon, 
and oxygen. Na 2 AI 2 Sis Oie 

3. Lime feldspar or unisilicate of calcium—a mineral known 
as anorthite, consists of calcium, aluminum, silicon, and oxygen. 
Ca Al2Si208. The most important of these three feldspars for 
electrical work is potash feldspar. 

When the feldspars are disintegrated or separated into their 
respective constituent oxides they have the following chemical 
formulas and percentage of weight. 



Potash 

Alumina 

Silica , 

Potash \/ Molecular properties. 

feldspar / \ Percentage weight. 

Soda \ J Molecular properties. 

feldspar f 1 Percentage weight. 

Lime 1 / Molecular properties.. 

feldspar / \ Percentage weight. 

K 2 O 

16.9 

Na 20 

11 . 8 % 

Ca 0 
20 . 1 % 

AI 2 O, 

18.4 

AI 2 O 3 

19.6% 

AI 2 O 3 

36.8% 

Si O 2 

64.7 = 100% 
Si O 2 

68.6 » 100 % 

2 SI O 2 

43.1 » 100% 


30. Clays 

The two clays used as main constituents of porcelain are ball 
clay, and china clay or kaolin. The chemical analyses given of 
the clays differ from each other very little, yet the properties or 
characteristics of these clays in the practical work of manufac¬ 
ture differ greatly. 

The important physical quality which distinguishes the clays 
is their degree of plasticity. The physical and chemical condi¬ 
tions which give the clays their plasticity seems to be a mooted 
question still among the ceramists. The particles of clay are 
exceedingly small. They are sometimes spoken of as colloids. 
The plastic clay has an unctuous greasy feel when rubbed. 
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Although the cause of plasticity cannot be given, the quality 
itself is familiar. By plasticity, as used by ceramists, something 
more is meant than that quality of allowing a change of dimen¬ 
sions by kneading while maintaining the particles in cohesion 
such as exhibited by light bread dough. There is meant or 
implied that after the water, mixed with the clay to render it 
plastic and pliable, is dried out, the particles of clay will not 
crumble into dust but will remain in a sufficiently solid condi¬ 
tion to be handled without breakage. A variation in the relative 
weights of water is needed to render the clays from the several 
different mines plastic. The china clays and kaolins have not a 
high degree of plasticity and therefore there is added to them ball 
clay, which has the highest degree of plasticity. A piece of soft 
ball clay can be rolled into a long round coherent thread or rope 
without breaking. After the raw porcelain is dry it must retain 
sufficient coherence not only to hold itself together but also the 
ground- up particles of feldspar and flint, neither of which possess 
sufficient plasticity to give much aid. All the clays lose their 
plasticity after being heated above a few hundred degrees centi¬ 
grade. It should be recognized that plasticity and coherence are 
among the most important qualities of raw porcelain. Many of 
the flaws are developed in an incipient degree before the por¬ 
celain goes to kiln. 

The word kaolin is a corruption of a Chinese name for the 
locality where the china clay was obtained for the ancient in¬ 
dustries. Kaolin, the clay, has an essential ingredient, the min¬ 
eral kaolinite. The formula for kaolinite is given in several 
forms. It seems evident that the molecular structure varies 
greatly according to the material from which the kaolinite was 
formed. 

Kaolinite is composed of hydrogen, aluminum, silicon, oxygen, 
and water of composition. The chemical formula is written as 
follows: H2Al2Si208 + IH 2 O. 

When the kaolinite is considered from the standpoint of the 
resulting product, after it is disintegrated, its composition is 
given in terms of its oxides, namely alumina, silica, and water, 
in the formula AI2O3, 2 Si O2, and 2 H 2 O. The proportion of 
each of these is given in percentage directly below the corres¬ 
ponding formula. 

Alumina Silica Water 

AI2O3 2 Si O2 2 H2O 

39.8% 46.3% 13.9% 


By formula.. 

By relative weight 
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Kaolinitc is derived, from the disintegr3<tion of feldsp8.r in 
granite rocks which is bronght about by the action of the ele- 

ments, air, water and temperature. 

Granite consists of the minerals orthoclase or microcline, mica, 

and quartz. 

Silica, Si02, silicon dioxid, silicic oxide, quartz, flint, crys¬ 
talline silica and sand are all used synomymcusly in relation 
to porcelain manufacture. All of these m.aterials are nearly 
pure silica in slightly different molecular form and different in the 
nature of their small impurities. In general this constituent of 
porcelain is called flint, although in ni.any porcelains ground-up 
quartz sand is used. Of the other silica materials which are not 
used but which are high in silica there is the precious stone opal, 
which has a higher content of water, infusorial earth, and float 

scone. 

If we turn to the chemistry on these three materials we learn 
that the feldspar is used as a flux on account of its content of 
potash or soda. Flint and quartz alone are very refractory 
materials and are not affected by the temperature of 1350 deg. 
cent., the approximate value of the temperature of a porcelain 
kiln. Quartz is not attacked by acid, with the exception of 
hydrofluoric. Boiling alkalin solutions scarcely affect it. Flint, 
however, dissolves more readily in boiling solutions of the alkalin 
hydroxides. All the varieties of silica, however, when heated to 
redness with the alkalis, such as potash K 2 O or the alkaline 
carbonites, combine with the bases, forming silicates which 
enter into fusion at a high temperature and solidify to a vitreous 
mass on cooling. 

It is this- solvent action of the potash of the feldspar on the 
quartz or flint which produces the solid porcelain mass. The 
greater the quantity of feldspar or flux the greater the tendency 
to vitrify. Combinations of clay and silica containing very 
little flux require extremely high temperatures to vitrify— 
several hundred degrees above the value usually obtained in 
the porcelain kiln. A definite idea of the softening temperature 
of the different compounds is furnished by the Seger cones 
which are used to measure the vitrifying condition in the kilns. 
These cones consist of the different minerals made up in a tri¬ 
angular pyramid, having a width of 9/16 in. at the base, 1/16 
in. at the top and an over-all height of 2| in. The catalogue 
of the manufacturer of the cones gives a complete list of ingredi¬ 
ents with* the corresponding temperatures they represent. 
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Several of these cones, Fig. 14, differing by one number, are 
placed side by side as a unit, and are located in different parts 
of the furnace where it is desired to measure the temperature. 
As the temperature reaches the melting point of each cone it 
deforms by bending over like a wilted plant. These cones under 
the high temperatrires of the furnace droop to different degrees 
and the one that is not deformed at all represents the temperature 
or limit of the vitrifying tendency of the furnace. 

To obtain a porcelain which will vitrify at different tempera¬ 
tures it is in general necessary only to change the content of 
potash or soda. It. may be done also by using a feldspar contain¬ 
ing both potash and soda in combination, as the two together 
seem to have a greater solvent action than either one alone. 

Lime feldspar is used not at all or only sparingly. Lime is 
one of the chief ingredients of common glass and apparently 
has undesirable qualities in porcelain. 

31. The Proportion of Different Minerals for Porce¬ 
lain AND THE Difficulties in Obtaining and Maintaining 
these Proportions Due to the Geological Conditions 

AND Methods of Mining 

A standard mixture for porcelain for testing purposes is given 
as feldspar 20 parts by weight, quartz 30 parts by weight, kaolin 
50 parts by weight. In Bulletin 53 of the Government Bureau 
of Mines, Mr. A. S. Watts states that the role of kaolin in all 
pottery mixtures is that of a plastic bond. It continues to hold 
the mateiial together through the drying process. In firing, 
the kaolin, by its high refractory value and its resistance to. the 
solvent action of the feldspar, enables the mass to retain its 
fonn although the particles of kaolin may be enveloped in fluid 
feldspar so completely that the mass becomes translucent and 
appears homogeneous. 

The ingredients of porcelain as received in the mineral state 
by the porcelain manufacturers are liable to considerable vari¬ 
ations both in their chemical contents and in the molecular fo:m 
in which they exist. One cannot understand the difficulties 
of porcelain manufacture without a comprehension of the 
methods and conditions of mining the minerals. The change 
■ of material sold by the same name and giving the same chernical 
analysis in a porcelain factory is usually not carried^out within 
a year after the change is contemplated as it requires a very 
long time to learn the methods of handling the new matenal 
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in the many different forms in which electrical porcelain parts 
are made. In Bulletin 53, on mining and treatment of feldspar 
and kaolin in the Southern Appalachian region, already men¬ 
tioned, Mr. Watts devotes 170 pages to the study of this subject 
from many standpoints. He describes deposits of feldspar 
which are in all grades of decomposition approaching kaolin. 
Before such material can be used it is necessary to separate the 
kaolin clay from the semi-kaolinized feldspar or otherwise it is 
necessary to have a uniform mixture which can be depended 
upon after the proper mixture of other clays and feldspar is 
determined by ex:perimentation. There is always a consider¬ 
able amount of silica in one form or another in these deposits 
of clay and there is more or less of impurities such as oxides of 
magnesium, calcium and iron. There is often the mixture of 
minerals washed in from the surface during the time of mining, 
and incidental deposits and streaks of other materials which 
have found their way into the mass during the time of their 
geological formation. Some of these foreign materials may be 
picked out in lumps by hand. There is usually present more 
or less mica. Indeed, some of the mines are operated for the 
mica, leaving the clays only as a by-product. The mica must 
be removed. The methods of refining the clays differ somewhat 
according to the nature of the deposits, but the general plan 
followed is separation by difference in weight of the particles. 
When the kaolin is formed by the decomposition of feldspar it 
apparently forms a colloid of extremely small diameter. This 
fact is utilized to separate the fine clay from the coarser quartz 
sand and feldspar by floating it in water. If a mass of this 
material is stirred up in water the heavier particles will immedi¬ 
ately settle to the bottom and the lighter particles can be floated 
off. It is by means of these settlings and flotations in water 
that the fine clay is separated from the coarser materials and 
is finally dried and thus prepared for shipment. If there exist 
in this mechanical mixture small particles of flint or feldspar 
they are of course carried over with the fine clay. Screens are 
used to separate the_ mica. In the final concentrating tank 
there is sometimes introduced a flocculator in the form of alum 
in order to hasten the settling of the very fine clay particles. 

With all these possibilities of impurities arising in the process 
of mining, with all the different molecular forms which this 
material may take and all the variations which may occur from 
one part of a mine to another, and with the impossibility of 
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getting^ any chemical analysis in general on which a practical 
porcelain manufacturer can depend, it will be appreciated that 
the difficulties in getting and maintaining the proper mixtures 
in a porcelain factory afe very great. 

32. Some of the Salient Points in the Factory Process 

The points in which we are interested in general are those 
which have a direct bearing on the final product as an insulator. 
After an examination of the dielectric strength of porcelains from 
four different manufacturers, all of which use different clays, 
and therefore vary in their chemical content to a certain extent, 
it would seen that within a considerable range, the minerals, as 
such, have little bearing on the dielectric strength. The miner¬ 
als, inregard to their ease of working and uniformity, may have 
considerable to do with the final product in avoiding cracks, 
flaws, laminations, and other like mechanical accidents of manu¬ 
facture. 

Certain quantities of china clay, ball clay, feldspar, and flint 
are ground separately to impalpable powder and are weighed 
out and thrown into a large tank, known as an agitator, in which 
there is a motor-driven paddle which constantly keeps the ma¬ 
terial mixed up. The liquid consisting of these fine particles 
suspended in the water, of the consistency of heavy cream, is 
known as slip.” There is the possibility of some slight dif¬ 
ference in uniformity due to difference in weight of the particles, 
and this is the first possibility of non-homogeneous material. 
A porcelain manufacturer states, however, that the probabilities 
are comparatively slight since all the material is made fine 
enough to pass through a certain size sieve—100 to 200 mesh 
per inch. 

After being mixed in the agitator tank, the slip is pumped into 
filter presses in which the water is forced out through canvas, 
leaving the fine materials deposited in the form of soft wet 
cakes. ' In this deposition there is a tendency for the coarser 
material to segregate from the finer materials. Since this filter 
press is worked under considerable hydrostatic pressure and the 
fibers of the canvas must finally wear out, there will be occa¬ 
sionally here and there a fine cotton fiber v/hich finds its way 
into the mass of clay. This fiber, carbonized in the firing, will 

form a ready path of puncture. 

The cakes of deposited raw porcelain which come from the 
filter press are thrown in a pile and hammered down by a large 
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mallet. This material is then sliced off by means of a thin 
wire having a wooden handle at* each end, and the pieces are 
thrown into a png mill. Human hairs, threads, and other 
carbonacious substances occasionally find their way into the 
porcelain during this period and subsequently cause an electrical 
flaw. 

The pug mill consists of a cylindrical receptacle about five 
feet high. In the center of this cylinder there is a vertical shaft 
from which extend horizontal arms or blades formed like the 
propeller of a boat. The blades cut through the plastic mass 
and constantly squeeze out the air and force the material down¬ 
ward. At the bottom is a horizontal opening, four to eight 
inches in diameter, out of which the soft mass is squirted by 
the pressure exerted by the blades above, or by an auger near 
the exit. It then has a consistency barely sufficient to hold 
its form. As this plastic mass comes from the pug mill it is 
cut off into cylindrical pieces by means of a fine wire. The 
proper manipulation of the material in the pug mill is considered 
of very great importance, as it is possible to leave the clay in a 
condition in the pug mill which will subsequently cause a suf¬ 
ficient defect in a porcelain part to condemn it for practical use. 
The pug mill is used to remix the constituent parts so that the 
materials will be uniformly distributed through the entire mass. 
To obtain this end, it is sometimes necessary to put the raw 
porcelain through the pug mill more than once and, as an inter¬ 
esting incident, it is necessary to add more water to the mass 
each time it goes through, to replace the loss due to heating 
which results from the friction of the revolving blades against 
the plastic mass. Before the raw porcelain is thus mixed in 
the pug mill it is possible to pick out spots where even inexperi¬ 
enced persons can recognize non-homogeneous conditions by 
the feel and plasticity of the soft mass. 

In the usual molded process the soft plastic mass as it comes 
from the pug miU is formed or jiggered’’ into a blank” of 
the approximate shape which it is finally to have and the ^ ‘ blank’ ’ 
is then left to partially dry. It is sometimes jiggered into a 
plaster of Paris mold. As the moisture evaporates from the sur¬ 
face the material shrinks to a certain extent and since the outer 
surface must always be drier than the central parts there must 
always exist a tendency for cracks to form on the surface. This 
is prevented by not having the plaster mold too dry, by keep¬ 
ing the design dimensions within reasonable. limits, usually 
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within an inch of thickness, and by controlling the moisture 
content in the atmosphere of the drying room. Where a dry¬ 
ing room is full of fresh samples the humidity of the room is 
high and consequently the drying will be slow. In times of 
slack work where a less number of pieces is drying there will 
be more rapid drying and consequently a greater danger of dam¬ 
age through shrinkage. There will be a difference due to the 
humidity of the seasons. 

When the material becomes fairly dry it should have suf¬ 
ficient strength to allow it to be handled in packing it in the 
saggers ready for firing and, in many cases, sufficiently strong 
to allow of turning in a lathe. Herein comes an important 
factor of plasticity and coherence in choosing the ingredients 
of the porcelain. 

33. Glazing 

After the porcelain pieces have become well air-dried they 
are glazed. The usual glaze consists of a material essentially 
the same as the porcelain except that a higher percentage of flux 
is used, which makes the glaze melt and run over the surface at 
a temperature which barely vitrifies the body of the porcelain. 
The flux of the glaze unites with the porcelain body on the sur¬ 
face and forms a chemical combination which makes a grada¬ 
tion from pure glaze to pure porcelain. 

The glaze is put on the surface by means of dipping. The fine 
material in water in the tank is often kept in suspension by means 
of a stirrer and the dry surface of the porcelain absorbs the water 
and thus produces a thin coating of the glaze material on the sur¬ 
face in a powdered form. The moisture thus introduced in the 
material is then allowed to dry out, and if the whole.surface of 
the porcelain has been glazed it is necessary to scratch off the 
powder of the glaze where the porcelain piece will rest on the 
sagger or otherwise the porcelain piece after firing would be 
glazed solidly, to the sagger. The colors of the glazes are pro¬ 
duced by different oxides. 

In other kinds of pottery there are other glazes and other 
methods of glazing used which have no application to any of the 
electrical porcelains. In some of the earthenware materials 
glazing is produced by throwing common salt, NaCl, onto the 
red-hot material. The chlqrin is given off and the free sodium 
combines with the earthenware material and thus forms a glaze. 
In some work known as biscuit porcelain, used especially in art 
work, the porcelain is given a preliminary firing at a high tempera- 
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ture with no glaze on it. It is subsequently covered with a glaze 
requiring a much lower temperature to melt it. Such a glaze 
will often have a difference of expansion relative to the porcelain 
body and there is involved, therefore, a great tendency to check 
or crack, known technically as crazing.^’ Electrical porcelain, 
in general, is fired only once and glazed at that time or not at all. 

34. Firing 

After the clay has been thoroughly air-dried, and possibly 
baked to a temperature of 110 degrees to drive off all the free 
moisture, it is packed in saggers, which are yellowish, rough 
earthenware dishes, in the material of which there is a very 
small content of flux and therefore a much higher melting point 
than the porcelain parts which they contain. The usual saggers 
are cylindrical in form, a foot or two in diameter and high enough 
to accommodate the porcelain pieces. They are open at the top. 
These saggers containing the porcelain parts are stacked in the 
furnace one on top of another, making a column from the base 
of the furnace to the top. This column of saggers is called a 
bung. The furnace is completely filled with these bungs, leav¬ 
ing only room here and there above the many openings in the 
base of the kiln for the heat flames to rise as uniformly as possible 
through the entire mass. The usual kiln is bottle-shaped. 
Around its base at equal distances are eight fireplaces which feed 
into a radial flue running to the center with several vertical 
openings into the kiln. 

The fires are then started, using either a good grade of coal 
or gas, and the temperature is gradually brought up for hours to 
a value in the neighborhood of 1310 to 1360 deg. cent. After 
reaching the maximum temperature it is usual to hold the tem¬ 
perature for several hours in order to let the heat soak uniformly 
throughout the mass of bungs. The fires are then allowed to die 
out and the kiln cools, the whole process taking several days, 
depending on the size of kiln. The fire-brick door is knocked 
out, the saggers are unstacked and the porcelain parts taken out 
and examined for flaws. The porcelain parts which pass this 
visual inspection are then ready for the electrical tests. 

35. A Review of the Processes of Porcelain Manufac¬ 
ture WHICH HAVE TO DO WITH THE DIELECTRIC STRENGTH OF 

THE Porcelain ; THE Choice of Ingredients 
AS Affected by Firing 

The firing temperature of a furnace is fixed by experience with 
a certain mixture of porcelain ingredients. It is assumed that 
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each mix of this material is the same as the previous one on which 
the experience was obtained. Necessarily, then, whatever be the 
chemical contents of the bins marked china clay, ball clay, flint, 
and feldspar, this material should be uniform. If these materials 
vary in chemical composition there is no definite way of determin¬ 
ing it until the firing is completed and all the damage is done. 
If the flux is too small in quantity the porcelain may be found 
under-fired and porous; on the other hand, if the flux is too great 
in quantity the porcelain parts may be over-vitrified and there¬ 
fore brittle and they may even be warped entirely out of shape 
by becoming too soft. An important point in this regard seems 
to be to keep enough solid material in the form of either alumina 
contained in the clay or relatively large particles of flint so as to 
hold the body of the porcelain in foim during the firing. The 
desire of the ceramist is to obtain a body and flux which will have 
a wide range of temperature between the lowest temperature 
which will cause a softening of the flux and the lowest tempera¬ 
ture which will cause a warping of the porcelain due to its own 
weight. The initial ingredients are then of great practical im¬ 
portance to the ceramist in obtaining a useful article, when the 
firing is completed, both in form and dielectric strength. ^ Porous 
porcelain will absorb moisture and will therefore have its insu¬ 
lating value greatly decreased. As already stated, there is al¬ 
ways some surface on the porcelain piece which is not vitrified 
and it is through this surface that moisture may subsequently 
enter the whole body of porous porcelain. If the porcelain 
is over-vitrified it will be brittle, and although its dielectnc 
strength may be excellent it is liable to damage in shipment or 
installation due to its fragility. 


36. Homogeneity of Structure in the Plastic Form 
Assuming, then, a proper choice of the mixture, the J 
portant step is the conditions of the pug mill. The maten j 
must be made thoroughly homogeneous when it eaves the p g 
min Otherwise there will be a separation into laminations or 
local spots that are not fully vitrified together. If many porce¬ 
lain parts of irregular form are broken up after t ey ave 
punctured electrically laminations will frequently be „ 

the material. It is stated that some of these laimn^ions T 
originated at the time the clay was 

As the, raw porcelain in flat ^ 

will frequently contain a layer of flint. This y 
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plasticity and if not thoroughly mixed with the ball clay in the 
pug mill the raw porcelain in drying will open in a lamination or 
crack at this surface of weak plasticity. Where the lamination 
is perpendicular to the lines of electric force very little weakening 
in the dielectric strength of the porcelain piece takes place, but 
where this lamination occurs at an angle or parallel to the lines 
of electric force the porcelain part usually lacks enough dielec¬ 
tric strength to make it useful. 

37. Flaws Developed during the Process of Drying in 

Air 

Occasionally it happens that changes of moisture in the atmos¬ 
phere, especially in the dry season, which is the winter time in the 
cold countries, will cause a shelf-full of drying porcelain or a few 
on the end of the shelf to dry with such great rapidity as to intro¬ 
duce local internal mechanical strains in the body of the solidify¬ 
ing material. It is therefore of great value to study the rate of 
change of plasticity and shrinkage at the different states of 
drying. Bourry (Treatise on Ceramic Industries—D. Van 
Nostrand Co.—) shows by the curves which follow that the 
greatest contraction takes place in the clay body at the time 
it is changing from a soft plastic condition to a solid form. 
Subsequently, although the moisture is still considerable, the 
shrinkage is very much less. It is therefore during the early 
stages of drying that the greatest care must be taken to prevent 
a rapid evaporation from the surface of the porcelain. Subse¬ 
quently much less care need be taken and more haste is permis¬ 
sible. 

38. Theory of Drying 

Bourry divides the drying of raw porcelain into three periods. 
The plastic material consists of solid particles and water. The 
solid particles are all small but vary greatly in dimension from 
the very fine particles of clay to the coarsest particles of flint. 
Each one of these particles is surrounded by a film of water held 
in position by capillary attraction. This gives a certain fluidity 
or ease of movement of one particle over another and is one of the 
factors which accounts for plasticity. In this soft condition 
it can be stated that there is a certain definite volume of solid 
material and a certain volume of water. As the drying proceeds, 
the film of water between particles becomes thinner and the 
particles approach each other, which gives the general shrinkage 
or contraction of the body. 
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water. 


shrinkage 


SPACES 


f SHRINKAGE 
I OF LENGTH 

' shrinkage 

OF VOLUME 


I « 


0 12 24 




TIME OF DRYING-HOURS 


96 120 144 


When these particles come into contact there can be no further 
s nnkage, although there is still a considerable percentage of 
moisture in the mass. During this second stage when the par- 

ic es^ are coming into contact the volume of moisture is de¬ 
creasing at a greater rate than the shrinkage. It is probable 
that if all the particles were of exactly the same dimensions there 
would be a very definite cessation of shrinkage when the particles 
come into contact. Due to the fact that the particles vary 
greatly in dimensions and the surface dries faster than internal 
points, there is a gradual falling ofif of the shrinkage, while the 
moisture continues to decrease at about the same rate; 

In the third stage the particles 

have all reached their minimum imp *, zm ph,,, 

100 ^ 

separation and the shrinkage 
entirely stops. During this third - ,, 
stage, however, moisture is still | 
given off until finally all the free ** 
moisture has disappeared and o 
there remains only the moisture ° of ofying-hours 
of constitution in the particles Pig. 15 

themselves. ' Bourry’s diagram of the relation of 

• Bourry illustrates these three 

phases (Fig. 15) by tests on of length. 

a cylinder of clay having a length of five times the diameter. 
The diameter was 1.575 in. (4 cm.) and the length 7.874 in. 
(20 cm.). The volume of solid material in the beginning was 55 
per cent and the volume of water 45 per cent. At the end 
of the first period, when the shrinkage and water decreased to¬ 
gether, there was a reduction of 5 per cent in the volume which 
came from the loss of 5 per cent of the water, leaving 40 per cent. 
At this time the spaces between the particles were 0 ; the lineal 
shrinkage was 3.7 per cent or 0.74 cm. 

At the end of the second stage of drying the volume of the clay 
was still 55 per cent, the volume of the clay and water was 67 per 
cent, and the volume of the water 12 per cent. The volume of the 
spaces between the particles was now 11 per cent. The total 
.shrinkage was 22 per cent. The lineal shrinkage was 8 per cent. 

At the end of the third period the percentage volume of water 
was 0. The percentage volume of the spaces between the par¬ 
ticles had increased to 23 per cent but the total shrinkage re¬ 
mained as at the end of the second period, namely 22 per cent. 
Also the percentage lineal shrinkage remained 8 per cent. All 


Fig. 16 

Bourry’s diagram of the relation of 
drying to volume, showing the percentage 
of clay, water, spaces, shrinkage of volume, 
and shrinkage of length. 
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of these relations are better shown in the accompanying table, 
taken from Bourry’s curves which are reproduced in Fig. 15. 


At the end of periods 

1st 

2nd 

3rd 

'Pot /'An+ •irnliimp' r>f nlnv ... 

55. 

55. 

55. 

and water. 

95. 

67. 

67 

“ “ OTflt.pr. 

40. 

12. 

0 

“ “ . “ “ spaces between particles. 

“ RhriTihac’'ft. 

0 

5 

11. 

22. 

23 

22. 





Ppi- r><3n+. c’h-rinV.fl (TP in IpTict'.h... 

3.7 

8. 

8. 

cm “ “ “ . 

0.74 

1.6 cm. 


“ average oer hour. 

0.06 

0.027 


mils “ “ “ . 

24 mils 



“ “ “ ** minute. 

0.4 “ 







It is interesting to note that the lineal shrinkage decreased at 
the rate of 24 mils an hour or at the rate of 0.4 mil per minute. 
If we are to consider some scientific instrument for measuring the 
rate of shrinkage here is a variable factor which is available for 
use. 

Another factor for use would be the variation in weight. 
For the sake of completeness Bourry’s tabulated data of this 
test are given below. 


Duration 

Weight of 

Shrink¬ 
age 
lineal 
Per cent 

Volume of 

Percent 

total 

volume 

Clay 

per 

cent 

Water 

Clay 

per 

cent 

Water 

Spaces 
per cent 

Days 

Hr. 

per 1 
cent 1 

per cent 
change 

Per 

cent 

Per 

cent 

change 


2 

75 

25.0 


2.1 

55.1 

44.9 



100.0 


12 

75 

21.5 

3.5 

3.7 

55.1 

38.7 

6.2 

0.0 

93.8 

1 

24 

75 

18.0 

3.5 

5.1 

55.1 

32.4 

6.3 

1.8 

89.3 


36 

75 

14.5 

3.5 

6.5 

55.1 

26.1 

6.3 

3.3 

84.5 

2 

48 

75 

11.2 

3.3 

7.6 

55.1 

20.2 

5.9 

6.4 

81.7 


60 

75 

8.0 

3.2 

. 8.0 

55.1 

14.4 

5.8 

9.4 

78.9 

B 

72 

75 

5.6 

2.4 

8.0 

55.1 

10.1 

4.3 

12.7 

77.9 

B 

84 

75 

3.8 

1.8 

8.0 

55.1 

6.8 

3.3 

16.0 

77.9 

B 

96 

75 

2.5 

1.3 

8.0 

55.1 

4.5 

2.3 

18.3 

77.9 


108 

75 


0.8 

8.0 

55.1 

3.1 

1.4 

19.7 

77.9 


120 

75 


0.6 

8.0 

55.1 

2.0 

1.1 

20.8 

77.9 


132 

75 

0.7 

0.4 

8.0 

55.1 

1.3 

0.7 

21.5 

77.9 

6 

144 

75 

0.3 

0.4 

8.0 

55.1 

0.5 

0.8 

22.3 

77.9 


156 

75 , 

0.0 

0.3 

8.0 

55.1 

0.0 

0.5 

1 

22.8 

77.9 
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As an additional factor, the rate of drying has considerable 
to do with the value of the shrinkage. Two identical samples 
were dried at different rates. One sample was dried in one day 
and shrank 7.75 per cent. The other sample was dried slowly 
in 15 days and shrank 8.50 per cent, which is an increase of 
10 per cent in the shrinkage. 

The rate of drying is affected by the consistency, that is to 
say, by the percentage of moisture present. Bourry gives an 
illustration of samples of plastic porcelain in which the initial 
quantity of water was 10 per cent, 20 per cent and 30 per cent. 
The one with the highest percentage of water dried the fastest. 
The results are shown in the following table: 


Proportion of water 

10 per cent 

20 per cent 

30 per cent 

Loss in per cent in 1 day. 

4% 

4-1/2 

5% 

8 % 

Davs to drv. 

5-1/2 

6 -1/2 

Ratio of days to dry...... 

1 

1.22 

1.44 






Since the rate of evaporation is affected by the amount of moist¬ 
ure present, if a tool used in forming the plastic porcelain squeezes 
out moisture locally, mechanical strains will be introduced dur¬ 
ing drying which may cause laminations or cracks. This result 
may be due to the difference in content of moisture or it also 
may be due to a segregation of the plastic clay from the non¬ 
plastic powdered flint. The plastic clay will ooze through the 
solid flint and may produce locally a non-homogeneous con¬ 
dition. This non-homogeneous condition will affect not only 
the rate of drying and the plasticity but also the vitrification 
in the furnace when it is at its maximum temperature. 

Bourry gives very little definite information regarding the 
content of moisture in the plaster of Paris molds. When the 
plaster of Paris molds are very dry the moisture is taken away 
from the surface of the porcelain in contact with the mold so 
rapidly as to cause it to check. Where the “ blank” is subse¬ 
quently turned down on a lathe these surface cracks are turned 

off. 

In every case it must be understood that moisture cannot 
flow unless there is a different degree of moisture. Consequently 
the surface of the porcelain must always be drier than the in¬ 
terior and the problem is to keep this difference in degree of 
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moisture to a value which will not cause cracks from unequal 
shrinkage. The movement of moisture from particle to particle 
corresponds to the transference of heat through an ordinary 
solid body, also to difference of potential in the electrical cir¬ 
cuit. If projecting parts are used on the porcelain surface it 
is sometimes necessary to retard the evaporation from these 
localities where the area exposed, relative to the volume, is 
much greater than the same ratio for the main body of the dry¬ 
ing porcelain. 

39. Flaws Developed during the Process of Drying 

AND Dehydration in the Kiln 

Another critical stage, apparently, in the manufacture of 
porcelain, occurs in the kiln at a temperature of 400 to 500 deg. 
cent. At this temperature the water of composition of the clay 

is thrown off. The changes taking place 
in the green porcelain are illustrated by 
a study made by Messrs. G. H. Brown 
and E. T. Montgomery in the U. S. 
Bureau of Standards, published in 
Bulletin No. 21. Fig. 16, taken from 
the Bulletin, is the rectangular diagram 

___of the loss of weight in per cent for 

different temperatures of firing on a 

BSilSif^No^^hL North Carolina kaolin. The material 

of Bureau of Standards.) air-diied to 110 deg. before this test 

was started, so that probably the free moisture had been all 
evaporated. From a temperature of 110 to 400 deg. the loss in 
weight was slightly less than two per cent, but between 400 and 
450 deg. the loss of weight was approximately 10 per cent and 
the total loss of weight up to 800 deg. was 14 per cent. From 800 
to 1000 deg. no further decrease in weight took place. When we 
consider that the air-drying stage of a porcelain piece will usually 
require about three weeks and the decrease in moisture is less 
than occurs in the porcelain kiln it is seen that a possible damage 
might be done to the porcelain material during the early and 
apparently unimportant part of the firing. To remove from 
the body of a piece of porcelain 10 per cent of its weight in the 
form of moisture within a few hours would necessarily involve 
a rapid movement of moisture from particle to particle. The 
green porcelain is in a stage of drying in which the rate of dry¬ 
ing may be high since there are only small changes in volume 
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taking place. The spaces between particles increase somewhat, 
that is to say, the porosity is greater at this stage. It is possi¬ 
ble that a considerable expansion, of the material may take 
place during this period and if the rise in temperature is too 
rapid the material will be puffed and warped by the sudden 
changes. If the air-dried porcelain is placed directly into a 
hot electric furnace it will be reduced to a powder. 

There is a limit to the thickness of porcelain that can be 
successfully fired (in general about 1.5 in.) and it may be that 
one of the factors which gives this limitation is the method of 
firing universally 'employed, especially the rate of change of 
temperature in the neighborhood of 400 deg. 

The effect of time on this dehydration of the kaolin is given 



Fig. 17 

The effect of duration of time on the dehydration of kaolin. (Bulletin No. 21. By 
courtesy of Bureau of Standards.) 

in Pig. 17, taken from Bulletin 21. This curve shows that at a 
temperature of 450 deg., most of the moisture will be thrown 
out in about 30 hours. At 500 deg. most of the moisture 
will be thrown out in five hours. 

40. Vitrification 

Another important stage of the formation of porcelain is the 
time of maximum temperature. The chemical dissolutions and 
combinations which take place in the semi-molten condition 
require considerably more time than when the materials are in 
a molten fluid condition. Consequently a temperature of 1310 
deg. held for several hours may give complete vitrification, 
whereas a shorter time would leave the material under-vitrified. 
Briefly stated, the vitrification depends not only on the tern- 
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perature but also on the duration of the high temperatures. 
The time of cooling is usually so slow that in general this is a 
stage of comparatively little danger, since the porcelain as 
already attained the characteristic of having a very small coef¬ 
ficient of expansion. 

41. Summary of the Important Points in the Manufac¬ 

ture OF Porcelain for Electrical Purposes 

1. Composition (chemical and molecular). 

2. Keeping the ingredients uniformly mixed. 

3 . Keeping the ingredients uniformly plastic. 

4. Keeping the mass from unequal contractions in dr 5 dng. 

5. Keeping the mass from unequal contractions in firing. 

6 . Bringing the firing temperature to the proper range and 
holding it for the corresponding: proper period of time to fill up 
the pores with vitrifying flux. 

PART III. EXPERIENCES AND EXPERIMENTS IN TESTING 
PORCELAIN WITH THE HIGH-FREQUENCY OSCILLATOR 

42. On the Subject of the Detection and Measurement 
OF Superposed High Voltage on the Wave Trains of the 
Oscillator, the Superposed Voltages Being Due to the 
Reflection of the Local Oscillations of Creepage Sparks 

It was noted in two different sets of tests that a type of porce¬ 
lain bushing having an average puncture potential of 85 kv. 
under oil may apparently have a higher value of puncture volt¬ 
age, as represented by the setting of the sphere gap, when a 
creepage spark is allowed to play over the surface of the oil be¬ 
tween the two electrodes, the porcelain bushing in this case 
l) 0 iixg near the surface of the oil so that its central metallic con¬ 
ductor is parallel to the oil surface and therefore in a position 
to encourage the formation of a creepage spark. Under these 
conditions of creepage spark the average puncture potential of 
a bushing of the same type was over 100 kv., an increase of 17 
per cent. 

There are so many variable factors in comparing these two 
conditions that it is difficult to draw directly definite conclusions 
as to the cause of the difference. 

The following is a description of the two sets of tests, after 
which a discussion will be given of the various factors involved. 
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A porcelain bushing, 13.5 in. long, and having an average 
thickness of 0.94 in. at the thinnest part of the corrugation, was 
supported horizontally on a metal rod and immersed in oil, 
Fig. 18. The metal rod was connected to the ground and a 



One method of applying high-frequency potential to porcelain bushings under oil. The 
end of the electrode on the right was two in. wide and ^ in. thick, rounded on the edges. 


vertical electrode was placed in the groove of the corrugation. 
The width of the metal electrode was about one inch and its 
thickness about 3/16 in. with the edges rounded off. Both 
these electrodes projected out of the oil at an average distance 
of 12 in. apart. Consequently, when the potential was applied 



Fig. 19 

Puncture voltage of porcelain bushing under oil. Representation of the percentage of 
punctures which took place at different impressed voltages as the voltage was graauaiiy 
raised at the rate of about 5 kv. every 10 seconds. The numbers at the points represent 
the numbers of punctures at different spots of the same bushing. 


above a certain voltage, sparks over the surface of the oil were 
produced between the two electrodes. The question arises, 
did the creepage sparks increase the gap setting of the spheres 
by superposing surges on the wave trains of the oscillator? 
We know from much experience in testing with 60-cycle fre- 
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qucncy that local sparks on an insulator or lightning arrester 
under test, will greatly increase the equivalent gap in paral¬ 
lel, although the voltage by ratio remains the same with or 

without the sparks. 

There were 13 puncture tests made on one end of the bushing 
and 12 on the other, making a total of 25 punctures. The values 
of puncture potential, minimum, maximum, mean between the 
extremes, and average, are given in the table farther on. 

It should be understood that these figures are not actual volt- 

35 
30 
25 


u 

2: 

a. 


10 


APPLIED V0LTAGE-K.V. 

Fig. 20 

Puncture of porcelain bushings under oil. Three different thicknesses are shown. Per¬ 
centages of total punctures are plotted in relation to the kilovolts at puncture. Each curve 
represents punctures at different points on the same piece of porcelain. 



ages, but the voltages corresponding to the gap setting of the 
sphere gap as calibrated by tests with 60 cycles. The data of 
the tests are plotted in Fig. 19. 

Another piece of porcelain of the same type, thickness, and 
manufacture was tested under identical conditions except that 
the creepage spark over the surface of the oil was entirely pre¬ 
vented. The plot of the data is shown in Fig. 20, in the second 
curve. There were 55 punctures total, with an average puncture 
potential of 85 kv. as compared to 102 kv. in the previous test. 
This information is tabulated in the table below. 



One bushing, 

tests allowing creepage spark 

Another 
bushing, 
tests with no 
creepage 
spark 


1st end 

2nd end 

Total 

No. of tests.. .... ... 

13 

12 

25 

55 

Minimum.... 

72 

90 

72 

70 

Maximum... 

114 

120 

120 

118 

Mean.... 

93 

105 

96 

94 

Average. 

96 

107 

102 

85 
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To forestall questions which are bound to arise the following 
speculations are given: So far as the data here collected are 
concerned, the cause of this difference may be any one of several, 
alone or in combination. These possible causes will be enumer¬ 
ated: First, the porcelain bushings were fired at different 
times, and possibly at different temperatures, and the porcelain 
material may not have been identical in dielectric strength. 
(As a matter of fact, tests will be given later to prove that the 
difference in porcelain constituted the entire difference in dielec¬ 
tric strength). 

Second. The creepage sparks over the oil make a demand for 
more energy from the oscillator and in so doing the regulation 
drops the voltage and therefore may require an increased length 
of the control gap. 

Third. Momentarily there may be impressed on the circuit 
a high voltage corresponding to the unloaded condition of the 
transformer. This voltage may start a new creepage spark. 

Fourth. The rapid extinction of the creepage sparks may re¬ 
flect local oscillations of extremely high frequency back to the 
sphere gap and these local oscillations may cause the sphere gap, 
at a certain setting, to spark over more easily, due either to a 
higher voltage or to a higher frequency,—or both may exist at 
the same time. 

Fifth. Again, another factor is involved in the relative di¬ 
electric spark lag of the 0.94 in. thickness of porcelain, and the 
long creepage spark over the surface of the oil. If the creepage 
spark takes place more quickly than the puncture of the porce¬ 
lain, the creepage spark by absorbing more energy and dropping 
the voltage may be an actual protective gap to the porcelain. 

Sixth. There is also a factor which enters into this problem in 
the matter of time of application of voltage on the surface of the 
porcelain. The electrode employed has comparatively thin edges 
and therefore its potential gradient will be high at the surface 
of the porcelain. This high potential gradient, when the voltage 
is carried up to a value approaching the puncture potential, will 
begin to damage the porcelain locally at the electrode. Failure of 
the porcelain should therefore be a gradual growth depending 
upon the time of application. 

If the user of the oscillator had to take into account all these 
complex factors it would require a rare technical skill. It will 
be the object of the studies which immediately and later follow, 
to show that complications of superposed oscillations, frequency. 
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and so forth are usually negligible factors in testing insulators 
with the oscillator. The problem is thereby stripped of most of 
its complications, leaving a simple condition which takes care of 
itself automatically in the practical procedure of testing. 

43. Tests to Determine whether Corona Streamers and 
Corona Sparks Produce Local Oscillations in the Circuit 
WHICH Affect the Sphere Gap Setting 

In the previous tests of porcelain bushings the electrodes were 
so arranged that a spark could take place over the surface of the 
oil just above the bushing. With this arrangement it was pos¬ 
sible to limit the stresses on the bushing to a local point where 
the tipper electrode touched it, yet at the same time get a creepr 
age spark over the surface of the oil. Ordinarily when tested 
in air the creepage spark over the surface of the porcelain is 
liable to find some weaker spot than the one where the electrode 
rests and thereby cause a discontinuation of the experiments 
by puncture. 

In order to exaggerate the effects of creepage sparks, a pane of 
glass I in. thick was used as dielectric. The electrodes consisted 
of two iron rods | in. in diameter, with rounded ends. These 
electrodes were placed in the same axial line on opposite 
sides of the glass. 

44. First Set of Tests on Glass 

In the first set of tests the control gap and equivalent spark 
gap were increased at the same time. As the impressed voltage 
was increased the corona streamers, mostly blue but sometimes 
slightly white, increased in area over the surface of the glass. 
At the maximum voltage obtainable, namely 45 kv. by spark 
gap with a setting of 11.1 kv. on the control gap, the radius of the 
corona was 5f in., giving a total area on each side of the glass 
plate of 104 square inches. The following series of readings 
was taken: 


Control Gap 

Spark Gap 

1.8 kv. 

32 kv. 

3.0 “ 

34 « 

4.6 “ 

36 “ 

6.7 “ 

38 " 

11.0 “ 

40 " 
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As an explanation of why the voltage generated by the oscil¬ 
lator is apparently so very limited we must look to two different 
causes. First, the corona is equivalent to an increase in capaci¬ 
tance. Second, the corona absorbs energy. Either of these 
causes will limit the potential of the oscillator by overloading 
it. 

* 

In order to determine the effect of capacitance, tin-foil plates, 
7 by 9 in. (63 sq. in.), were used as electrodes. As a result the 
maximum voltage obtained was reduced from 45 kv. as given in 
the previous test, to 28 kv. Even at 28 kv. there was a corona of 
1| in. visible in daylight surrounding the tin-foil plates. This 
made a total area covered by plate and corona of 10 by 12 in. 
(120 sq. in.). .During this test the control gap was set on 11.5 
kv. With the electrodes alone the area was 104 sq. in. which was 
increased to 120 sq. in. with the plate and corona together. This 
increase of 16 per cent in area reduced the voltage by 37, per cent. 
The area of corona around the metal plates was 57 sq. in. which 
is a little less than half of the corona area in the previous case. 
It would appear from these figures that the capacitance was a 
large factor in reducing the voltage at the terminals of the oscil¬ 
lation transformer. 

Capacitance of glass plate | in. (0.322 cm.) thick and an area of 
104 sq. in. (670 sq. cm.) is 1.1 milli-microfarads (10“® farads). 

At 300,000 cycles and 45 kv. this capacitance of 1.1 X 10"® 
farad gives a momentary load of .about 29 amperes or 1170 kv-a. 

This capacitance of 1.1 milli-microfarads is equivalent to the 
capacitance of thirty suspension type insulators in parallel, 
which is three to six times full load for this oscillator. 

45. Equivalent Spark Gap of Corona on a Glass Plate 

The equivalent spark gap of corona on glass plates is depend¬ 
ent upon the voltage applied. Two tests of a slightly different 
nature follow. In the first one, the spark gap was set per¬ 
manently on 37 kv. and the control gap was gradually increased. 
With the control-gap setting of 3.2, a spark was formed around 
the edge of the plate which was 4| in. away from the electrode, 
making a total length of spark of 9 in. No discharges took place 
over the spark gap for this low setting of the control gap. 

At a setting of 4 kv. of the control gap there was one discharge 

over the spark gap in seven total. 

• At 5 kv. setting -of the control gap there were four sparks 
over the spark gap to ten total. 
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At six kv. setting of the control gap there was about equality 
between the spark gap and the spark around the glass plate, 
that is to say, five out of ten total. 

At seven kv. setting of the control gap the sparks over the 
spark gap increased to seven in ten impulses. 

At eight kv. setting the sparks over the spark gap increased 
to eight in ten impulses. 

At 8.5 kv. setting of the control gap there were nine dis¬ 
charges over the spark gap out of a total of ten impulses. 



50 75 125 175 K.V. 

CORRESPONDING NO LOAD VOLTAGE 

Fig. 21 

Arc-over tests on a glass plate i in. thick and with the electrodes 4Hn. from the edge 
of the plate.^ Electrodes were pla,ced in the same axial line perpendicular to the plate, con¬ 
sisting of ^i-n. rods with the ends rounded. The gap was set constantly on 37 kv. and 
the control gap was gradually increased. For low values of the control gap, 3.2 kv. all the 
discharges took place over the surface of the glass, with a creepage spark of total length 
of 9 in. 


At nine kv. setting of the control gap there were 19 discharges 
over the spark gap out of 20 total. 

At 9.5 kv. setting of the control gap there were 40 discharges 
of the spark gap out of a total of 40, but at a setting of ten kv. 
on the control gap one discharge took place over the glass plate, 
making a record of 39 over the spark gap to 40 total. 

At a control gap setting of 10.5 kv. there were 100 successive 
discharges over the spark gap out of a total of 100 impulses, 
there being very slight tendency to spark on the glass plates. 

In this set of tests it is seen that the equivalent spark gap 
of electrodes separated by a thin glass plate depenis upon the 
value of the applied potential, just as has been shown in 
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tests on lightning arresters using Leyden jars charged from 
the static machine. 

The change in the equivalent spark gap is shown diagram- 
matically in Fig. 21. 

46. The Equivalent Spark Gap with the Control Gap 

Remaining Constant 

In the next set of tests the control gap was set on 3.5 kv., 
which was just sufficient to cause 4| in. radius of corona, and a 
spark around the edge of the glass plate. It was necessary to 
reduce the spark gap from 37 kv. setting to 32 kv. setting in 
order to take the spark away from the glass plate. It should 
be recalled that at high control-gap setting the spark gap set 
even on 37 kv. took all the discharge away from the glass 
plate. 

By increasing the control gap setting to four kv. and with a 
setting of 32 kv. on the spark gap, it was possible to take away 
the discharge from the glass plate and keep it in the spark gap. 
When the spark gap was increased two kv. to 34 kv. there were 
32 discharges over the spark gap out of a total of 40, leaving 
eight discharges over the glass plate. 

With the control gap setting of 10.5 kv. it was necessary to 
elongate the spark gap to 44 kv. before the discharges would 

all take place over the glass plate. 

In none of these tests do we find the solution of the problem 
of the effect of the oscillation set up by the corona streamers 
and corona sparks. Therefore the next set of tests was planned 
to throw some light on this subject. 

47. The Puncture Voltage of a Glass Plate with a 
Drop of Oil around the Electrodes 

The same electrodes were used and a glass plate lying hori¬ 
zontally had a few drops of oil placed around the upper electrode. 
The main gap of the oscillator was then closed momentarily a 
number of times with control gaps ranging from one kv. up to 
2.5 kv. The spark gap voltages corresponding were from 32 
kv. up to 40 kv. After the eighth brief application of potential 
with a setting of 2.5 kv. on the control gap and 40 kv. on the 
spark gap the glass was punctured. This experience gives a 
very definite clue to theimmunity from puncture in the previous 
test. It should be recalled that the control gap setting was 
increased to 11.1 kv. and the spark gap to 45 kv. without caus- 
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ing a puncture of the glass. We now applied less voltage and 
very quickly got a puncture. The distance of the electrode 
from the edge of the glass in this last case was only 1.3 in. and 
occasionally sparks would break through or over the surface 
film of oil and spark around this short width of glass. 

The obvious explanation of this phenomenon of puncture of 
glass at lower voltage than it had previously withstood is in 
the difference in concentration of the electrostatic field. With¬ 
out the film of oil the voltage gradient, at the electrode can rise 
only to a value which will start the corona discharge in air and 
any further increase in the voltage simply increases the area 
covered by the corona, which, in effect, increases the area of the 
plate and gives a better distribution of the electric field over 
the plate. On the other hand, when the oil is used, the corona 
streamers are to a very great extent restricted and the potential 
is concentrated locally and causes a disruptive spark to punc¬ 
ture the glass. 

While the variations in the equivalent spark gap involved a 
complicated study of dielectric spark lags, the actual use of the 
oscillator to measure these different conditions is very simple. 
We must assume in each case that even if the spark gap does not 
measure the actual voltage it does measure always the tendency 
to spark, which is the condition in the circuit against which 
it is desirable to protect. In testing porcelain bushings in air 
the same effect will take place as shown in the tests on glass, in 
that the corona at the edges of the electrodes will decrease the 
effect of the sharp edges of the electrodes. In testing thin pieces 
of porcelain in air many new points of the porcelain are reached 
by the spreading of the corona streamers and there will be added 
the additional factor of puncture through local weaknesses 
in the porcelain. The porcelain is not nearly as homogeneous 
as glass. The wave trains generated are of very high frequency 
and the superimposed oscillations from local sparks, while higher 
in frequency, are, comparatively speaking, not much higher. 
As a result the spark gap is not affected very much. In other 
words, the change of frequency and wave front from 60 cycles 
to say a million cycles is enormous as compared to the change of 
frequency and wave front from the oscillator to that of the local 
oscillations. The first ratio is of the order of 17,000 and the 
second of the the order of 3. Herein lies the simplicity of 
testing with the oscillator. 
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In testing porcelain under oil one must take into account the 
maximum voltage gradient which can be applied at the contact 
point between the electrode and surface of the porcelain without 
damaging the porcelain. This value of voltage gradient is 
readily determined experimentally for any particular shape of 
electrode that it is desired to use. Such tests will be given 
further on. 

48. Further Studies of Puncture Potential op Porcelain 
UNDER Oil by the Use of the Oscillator 

Three thicknesses, namely 0.63 in., 0.94 in., and 1.12 in., were ' 
tested and recorded. The test pieces were corrugated porcelain 
bushings of the general form shown in Fig. 18. In Fig. 20 
three curves are shown of tests on the three thicknesses. 
The three pieces of porcelain were each punctured a num¬ 
ber of times. By conducting many tests on one piece of 
porcelain it is thus possible to keep the factor of quality of the 
porcelain constant. The three curves are entirely independent. 
The method of test was to gradually raise the potential two kv. 
every five seconds until puncture occurred. In plotting these 
data the kilovolts at puncture are taken as the abcissas and the 
percentage of the total number of punctures at the different 
voltages as the ordinates. The upper curve is the result of 40 
punctures total, all on one test piece. The minimum puncture 
potential was 74 kv. There were two punctures at this volt¬ 
age, which is 5 per cent of 40 total punctures. Percentage is 
used instead of the actual number of punctures in these curves so 
that comparisons can be made between the three different thick¬ 
nesses tested. There were only two places tested that withstood 
90 kv., the maximum value. This is also shown as 5 per cent on 
the upper curve. Attention is directed to the peculiar low point 
at 84 kv., as it will be shown in a different way in another dia¬ 
gram later. It may or may not have any special significance. 
Attention should also be directed to the small range of puncture 
potential for this thickness of 0.63 in. Most of the punctures 
occurred between 80 and 88 kv. These general relations ihay be 
interpreted from a tabulation of the maximum, minimum, aver¬ 
age, and mean between the extreme values as printed on the 
curves. The ratio of the minimum to the maximum is 82 per 
cent and the mean and average values are identical, showing 

general symmetry in the results. 

The second curve (0.94 in. thick) is the result of a total of 55 
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punctures taken on one bushing. This greater thickness shows a 
widerangeof puncture voltage. The minimum puncture voltage 
of 70 kv. was even less than the thinner test piece’. The maximum 
puncture voltage was 118 kv. but there was only one spot that 
withstood this potential. For this greater thickness of porcelain 
there is no definite puncture voltage as in the previous case. 
The ratio of the minimum to themaxiinum is 60 percent, which is 
22 per cent below the range of the thinner porcelain just given 
above. 

In the third curve the thickness was 1.12 in., and a total of 
48 punctures was made on the porcelain piece. Here again the 
puncture voltage is spread over a wide range with no definite 
point of failure. Apparently in both of these thicker pieces 
the conditions of manufacture or test of the porcelain were such 
as to give a wide range of dielectric strength. The ratio of 
the minimum spark potential in this case was also 60 per cent. 
In the early part of the work it was endeavored to get as many 
punctures as possible on one sample. In so doing it was found 
that the cracks from one puncture would occasionally carry into 
the spot where the successive test potential was applied and this 
spot would thereby be weakened. As soon as this fact was es¬ 
tablished greater distances were made between puncture points. 
To further insure that the cracks did not carry from one puncture 
hole to the next, further precautions were taken. The punctures 
were filled with red stain and then thoroughly dried, the porce¬ 
lains were then broken into pieces and where the red stain showed 
that a crack had carried from one punctured point to another the 
second reading was thrown out. 

49. A Replot op the Data of Fig. 20 to Show Tentatively 
Possible Natural Gradations of Flaws 

In Fig. 20 the percentage of the total number of punctures at 
each value of kilovoltage applied was given. In Fig. 22 the 
values of punctures are summed up from the lowest voltage to 
the highest voltage. Both curves 1 and 2 show a peculiar 
shoulder at 82 kv. All the curves show a bend at the highest 
values. Tentatively, we may interpret these curves as follows: 
It is conceivable that there is a certain class of flaws which are 
developed between 70 kv. and 82 kv. Above this value we get 
into the condition of the normal strength of the porcelain which 
requires a considerable increase above 82 kv. before the number 
of failures again increases rapidly. In the case of curve 1 it 
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required 85 kv. to increase the percentage suddenly from 53 
to 85. In curve 2 the range was wider, being between 90 kv. 
and 100 kv. In the third grade of the dielectric strength given 
by the porcelain there are those local spots which approach per¬ 
fection in the homogeneity of the porcelain material. There¬ 
fore the high-voltage strains which are at the limit of dielectric 
strength do not develop into a puncture so easily. As already 
stated, this analysis is only tentative, and even if it is true for 
this particular grade of porcelain it may not apply in the same 
way to a different mixture of material. We have found, how- 



Fig. 22 

A replot of the puncture tests of Fig- 20. The kilovolts puncture versus the of 
punctures. The shoulders on the curves may represent a different grade or kind, ot naw in 
the porcelain. 


ever, that there have been in nearly every case fairly definite 
degrees of flaws which can be developed in rather definite ranges 
of potential. To illustrate this idea, the grades might be divided 
as follows: First, accidental cracks or laminatidns which are 
at more or less of an angle to the surface of the porcelain and 
which therefore decrease the puncture length through the 
porcelain. In the second grade would be those flaws of the 
nature of “ blebsor closed bubbles, also open pores. In the 
third grade there exists the highest degree of homogeneity with 
very slight differences in dielectric strength from particle to 
particle as we pass from surface to surface. 
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50. Tests with the Electrode placed Successively in 
THE Valley of every Adjacent Corrugation in the Surface 
OF THE Bushing. The Results show the Internal Me¬ 
chanical Strains due to Shrinkage 

In the records of the tests shown in Fig. 19 the upper electrode 
was always moved a distance of two corrugations away from 
the previous test. In the earlier tests the electrode was moved 
into the adjacent corrugation. In so doing some interesting 
conditions relative to internal strains were disclosed. Fig. 23 


shows one of several punctures 
which took place in the porcelain. 
It will be noted that there are 
two streaks which are only 0.25 
in. apart but are 0.81 in. long. 
If the porcelain had been uni¬ 
form there would have been a 
straight puncture through the 
porcelain perpendicular to the 
surface (0.62 in.). The fact that 



Parallel puncture streaks close together 
as compared to the length of the streak. 
This phenomenon shows latent weakness 
in the porcelain at the end of the bushing, 
which seems to be due to the process of 
air drying. 



Fig. 24 

A number of puncture streaks are shown 
at different lengths of the bushing similar 
to those of Fig. 23. It should be noted that 
all the puncture streaks at the ends and at 
the middle are in a downward direction, 
which seems to indicate the effects of air 
drying in causing latent cleavage surfaces 
in the porcelain. 


there are two punctures about 0.8 in. long, side by side, follow¬ 
ing parallel paths separated by only one-quarter inch indicates 
that there were mechanical strains in the porcelain, placed 
there during the manufacture, which caused more or less of a 
cleavage or a line of weakness. This porcelain was jiggered 
into the form of a long, smooth tube while it was in a plastic 
condition. After partial drying sufficient to give it enough 
tenacity to hold together, it was placed on a lathe and the 
grooves or corrugations turned into the surface of the blank.’' 
The material was then allowed to complete its drying. Prob¬ 
ably during this second process of drying these laminal strains 
were introduced. There. is every reason to believe^that the 





1915] 


CREIGHTON: INSULATOR TESTING 


523 


lamination is not due to a layer of flint, because in the working 
of the soft clay there is no opportunity to cause layers systematic¬ 
ally in the direction shown by the direction of the punctures. 

In Fig. 24 are shown the paths of puncture of another porcelain 
bushing at several points along its length which would tend still 
further to confirm the belief that the cracks were due to air¬ 
drying rather than to lack of homogeneity of mixture or shrink¬ 
age in firing. The lines drawn from the grooves to the inside 
surface of the porcelain bushing show that at the ends and at 
the middle the direction of the puncture is at an angle from 
the radial direction and all in a parallel direction. Punctures 
at other points than at the ends or the middle are radial punc¬ 
tures. The possible explanation is as follows: This porcelain 
bushing was stood on one end to dry. It was therefore restricted 
in its radiation of moisture from the surface at the base and was 
given extra freedom of evaporation at the upper part where 
the central hole was open to a slight movement of the air in 
the neighborhood. About half-way along the bushing the thick¬ 
ness was increased to be used as a support, and at this point also 
there would be a difference in drying at different depths. The 
under side of this shoulder would naturally get more evaporation 
than the upper side. Since the thickness was greater, a greater 
amount of moisture had to be extracted, requiring a longer 
time for different depths. If these angular weak spots had been 
produced by a variation in the mixture they would have been 
more or less uniform in the bushing from end to end. If the 
angular weaknesses were due to firing in the kiln there would 
seem to be no reason for the peculiar distribution at the top 
and bottom, although naturally the thicker part of the bushing 
at the midway point would come in for inequalities of contrac¬ 
tion. As a matter of observation, two small surface cracks 
were noted on the inside of the bushing at the thickest point 
but these cracks did not show sufficient weakness to divert the 
puncture discharge from its path, which, by the way, ended 
about i in. from the surface crack. 

51. Faults in the Skirts of Suspension Insulators 

When the upper side of a skirt of an insulator is covered by 
tin-foil and the insulator inverted in a bath of oil, localized po¬ 
tentials can be applied by mean^ of a small electrode resting 
in one of the corrugations or valleys between adjacent petticoats. 
In a number of test samples a very uniform homogeneous porce- 
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lain material was found. This was indicated by punctures 
directly between electrodes from surface to surface of the porce¬ 
lain. Occasionally, however, conditions of internal mechanical 
strain were revealed by the fact that the puncture took place at 
an angle to a perpendicular line between surfaces and sometimes 
traversed a distance nearly twice as great as the thickness of the 
porcelain. The direction of the puncture was indicated subse¬ 
quently when the porcelain was broken up with a hammer or 
by squeezing it in a vise. Fig. 25 shows a sketch of two different 
types of punctures that were found. 

In a number of punctures which occurred in the heads of pin- 
type insulators a careful examination was made by staining and 
breaking up the porcelain by hammer blows.- A characteristic 
puncture streak is shown in Fig. 26. These samples were shown 
to a porcelain manufacturer, who immediately set the cause of 



Fig. 25 

Directions of puncture in a skirt of a 
porcelain insulator where the discharge 
takes a path much longer than the short¬ 
est distance between surfaces. This 
indicates a weakness in dielectric strength 
due to shrinkage strains. 


I 



Direction of puncture in the head of a 
pin-type insulator, showing a line of weak¬ 
ness due primarily,' .probably, to an im¬ 
proper manipulation of a forming tool, 
while the porcelain was in a plastic con¬ 
dition. All paths of puncture which do 
not take the shortest distance indicate a 
line of weakness in the porcelain. 


the trouble to an improper use of the tool used in forming the 
thread on the inner surface of the porcelain. With the informa¬ 
tion already given, one may attribute the fault to insufficient 
plasticity, which may have been due to lack of water, lack of 
enough ball clay, or too large particles of flint. It is easy to con¬ 
ceive of the more plastic clay being squeezed out from under the 
tool, leaving the material directly under the tool of a different 
consistency from the rest of the body of the porcelain. From 
this difference in body, weaknesses may be caused, either in the 
rate of drying or in the vitrification, due to the improper pro¬ 
portioning of the ingredients in this locality. In one case there 
was a perceptible surface crack in the porcelain which was the be¬ 
ginning of a puncture streak. In this case one may tentatively 
infer that the damage was initially done in drying and might 
have been found by the application of oil to the green porcelain. 
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In general, one may conclude that porcelain which does not punc¬ 
ture through the shortest distance is non-homogeneous. 

52. The Growth of Corona on Insulators 


The growth of corona around the electrodes and on different 
parts of the insulators has been successfully used as a basis of 
design. The oscillator with its high frequency is well adapted to 
bring out the characteristics of design by this method. Some 
tests are given in the following table to illustrate the characteris¬ 
tics as disclosed by the oscillator. The tests were invariably 
made in the dark to be able to note the first visible formation 

of corona. 


Suspension type insulator No. 1 

Kv. 

Per cent of 
spark-over 


86 

100% 

op3.XK-uVcr vOXCd-i^c . .... 

33 

38% 

Jorusu uiscna-rgc iroui piuo . ... . * • 

*t ** around 1st inner petticoat. 

47 

47 

55% 

55% 

U t4 0.r\A •TiA+.+.ir'Oat,. 

74 

86% 



-- 


It was found impossible to brush diTcharge over the third petticoat without a spark-over 


on the insulator. 


Suspension type insulator No. 2 

Kv. 

Per cent of spark- 
over 


82 

100% 

bparK-over voltage.. 

42 

51% 

Brusn discnarge ax pm.. 

48 

59% 

** •• over inner ycoi.iv.'jei.u......... 

59 

72%, 

It oi-r\llTin 

59 

72% 

(f U./O in* JlOIlg ctAUU-iJ-U. . . . . • 

72 

88% 

(« •• 0 v©r oru. ••••**••••• 

U « .. 

74 

90% 


__ 

I_ ■- 


In studying the growth of corona on rne 
eight different samples were used. In the points of , 

appearance of the corona in per cent of the spark-over volt g 

is plotted as ordinates and the kilovolts of ?n S 

abcissas. the points corresponding to the mitral 
corona, which invariably took place around the pin. Acon^i 
able variation in the distribution of potential is evident from the 
wide variation between the limiting cmves ^ shown “ ?2^. 
The variation is from 30 per ceht for che high-voltage msula^tors. 
to 76 per cent for one of the best conditions of the lower-voltage 
. Naturally the higher the spark-oyer voltage of the 
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insulator the lower the percentage, because the corona depends 
upon the potential gradient. The potential gradient which 
produces corona on the pin does not differ very widely for the 
different types of pins and insulators. 

Significance of these Tests 

The significance which may be drawn from tests of corona 
are too complex to be considered in a paragraph. They are 
valuable to the designer, but several points of design must be 
taken into account in each particular insulator. From some 

points of view the ideal design of 
an insulator would be one pro¬ 
ducing no corona until the arc- 
over voltage of the insulator was 
reached. From a practical point 
of view the laboratory test, un¬ 
less made under the same con¬ 
ditions as found in the operation 
of the insulator, does not neces¬ 
sarily give the best design. ’ For 
example, if an insulator is to be 
designed for a very dusty coun¬ 
try or where soot and smoke 
will be deposited on the surface 
of the porcelain the conditions 
call for extra long- surfaces for 
creepage. If such an insulator 
in a clean condition is tested in the laboratory for the appear¬ 
ance of corona, the corona will appear at a comparatively small 
fraction of the arc-over voltage.. Yet if this insulator is 
thoroughly coated with a semi-conductor, as would occur in 
practise, it is quite probable that the apparently faulty design 
would be far better than one with shorter skirts which in the 
laboratory test in a clean condition gives a higher percentage of 
voltage for the appearance of corona. In brief, one must take 
into account the use of the insulator and reproduce the opera¬ 
ting conditions, as far as possible. 

53. Percentage OF Failure AS a Criterion-of Rejection 

OF Insulators 

This would seem to be a very good rule but it may not be 
desirable to apply it blindly. The full significance of the tests 



Fig. 27 

The first appearance of corona on pin- 
type insulators, using the oscillator as a 
source of power. Arc-over voltage of 
the insulator versus the percentage of 
arc-over voltage at which the first corona 
appears on_ the pin. The two curves 
show the wide range of variation which 
can be found in insulators on the market 
at the present time. 
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is not yet evident. In considering the failure of insulators we 
must take into account the nature of the weakness. Weakness 
from under-firing porcelain may be more serious than weakness 
from over-firing. Under-fired porcelain is liable to be uni¬ 
formly weak all the way through. Over-fired porcelain is liable 
to be weak in local spots such as cracks. 

To illustrate this point, examples are taken from a number 
of endurance runs that were made on insulators which by ex¬ 
amination showed thorough vitrification and a tendency to the 
side of over-firing. 

TypeX. Of three insulators, one failed in one min. (33 per cent); two 

were not punctured in 1 hour of test. 

Type Y. Of eight insulators, three failed in one min. (37 percent); 

five were not punctured in 1 hour of test. 

Type Z. Of three insulators, none failed in one min. (0 per cent); all 


withstood 1 hour. 

Type D. Of three insulators, none failed in one min. (O per cent); all 


withstood 1 hour. 


The experience with types X and Y in the above tabulation, 
although limited, would indicate that some caution should be 
taken in the rejection of insulators. It may even be that a high 
percentage of loss may be a good criterion of choice under certain 
conditions of over-firing. A hypothetical case will be given 
for illustration: The temperatures in the dffierent parts of a 
kiln and the time of application of the vitrifying temperatup 
must necessarily vary. The intensely hot flames enter at certain 
points and the partially cooled flames leave at other poin s. 
Both of these places cannot be at exactly the same temperature. 
Even assuming a final negligible difference of temperatme the 
porcelain nearest the entering flame must be at a verifying 
temperature somewhat longer than the porcelain near ^ e ues. 
The cracks in such over-fired porcelain produce dielectnc weak¬ 
ness and the insulators .are therefore easily detected when 


tested, and rejected. 

We may deduce that a considerable percentage of over-fi 
porcelam Ly indicate that the rest of the kiln-M 
feed On the other hand, a temperature that will 3ust properly 
vitrify the hottest spots in the furnace may leave the l^^r 
percentage of insulators at a low grade of vitrification T 
dielectric strength may be barely sufficient 

test and therefore from a standpoint of dielectnc strength y 
are inferior insulators to the hypothetical lot that was rejecte 
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on the basis of 3. per cent failure. It is intended here only to 
point out that more must be known of the intimate history of 
a porcelain insulator to judge its worth on the basis of a per¬ 
centage rejection. ' Intrinsic mechanical strains, layers of flint, 
relative conditions and rapidity of drying of a batch of insula¬ 
tors, rate of firing, etc., must be known to give proper weight to 
the basis of rejection by percentage failure. 

54. Welding up the Puncture Holes in Porcelain by 
THE Application of High-Frequency Wave Trains 

Under certain conditions of puncture it has been found prac¬ 
ticable to repeatedly puncture and weld up the puncture holes 
in porcelain. This may not be entirely unknown in tests with 
60 cycles, although no such experience has been had by the 
author. There seem to be certain requirements to successfully 
weld up the holes without failure. The best results were ob¬ 
tained by Mr. Cermak in the tests of large porcelain cups which 
were made up of several different kinds of clay but all fired at 
the same time. These cups were partially filled with water 
which acted as one electrode and the other electrode was a wire 
wrapped around the outside. The punctures noted never took 
place directly under the wire and therefore no copper vapor was 
carried directly into the puncture hole. Since the other elec¬ 
trode was water, no metallic vapor could be obtained from this 
source. The time of application was varied considerably, but 
three seconds, on an average, would give good results. The 
punctured spots in this porcelain appeared as small beads of 
clear glass which actually had greater dielectric strength than 
the porcelain elsewhere, as no welded punctures were repunctured 
by a second application of potential. No doubt the content 
of feldspar in the porcelain will have an effect on ease of formation 
of glass or glaze in the punctured holes. 

In other porcelain in which different ingredients were used and 
which seemed to be less homogeneous, cracks were caused which 
of course could not be welded up by the high-frequency arc. It 
IS very probable that welding up of punctured holes by 60-cycle 
tests is not common because the punctures are more liable to 
take place directly between the electrodes and therefore become 
filled with metallic vapor, which leaves the melted porcelain in 
the path of the arc of weak dielectric strength. The use of the 
high frequency produces widely extended corona and thereby 
picks out flaws or weaknesses which are frequently some distance 
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away from the electrodes, and thereby avoids the deposit of 
metallic vapor in the punctured holes. When punctures are 
made under oil there have been no cases of welding up of the 
punctured holes, due probably to the carbonization of the oil 
which is always found in the punctured streak. 

55. Comparative Puncture Voltages of Porcelain and 
Glass. Porcelain Pieces of Different Thicknesses were 
Used, but the Glass was Built up of Panes 
Piled One on Top of the Other 

The results of these tests are shown in Fig. 28. Curve 1 was 
made taking puncture potential on glass of increasing thicknesses. 



Fig. 28 

Comparative puncture tests of glass and porcelain. The connections were made as 
shown m Fig. 18 Relations are shown of thickness versus puncture of oh 

the thickness of glass was obtained by building up sheets of Slass with a tmn n 
between. The voltage was raised at the rate of 100 ky. per second. 

placed near the points represent the total number of tests m.^e at the different thi • 

Curve 2, made from porcelain of different thicknesses with the voltage raised at 100 kv. 

per second, the same as with the glass. , -u i_ • ^ of 

Curve 3 is also from porcelain and differs from Curve 2 only by having a sl^ower rate of 

increase in the voltage. It was increased at the rate of 2 kv. every five ‘ 

per second. Curve 3 will be seen to give the results of an average of many tests on bushings 

with corrugated surfaces. 


Each individual thickness of the glass was 1/16 in. and each 
piece of glass was immersed in oil before it was pressed against 
the adjacent sheet, which of course left a thin film of oil between 
the plates of glass. The curve shows an almost direct increase of 
puncture potential with an increase of thickness., 

Curve 2 has only two points—one the average of six tests at 
1.2 in. thickness and the other an average of nine tests at 0.62 in. 
thick. The tests which gave the data for curve 2 had a more 
rapid rise in the testing potential than the tests of curve 3. The 
porcelain also differed. The higher puncture potential may be 
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credited to both of these conditions, namely, different porcelain 
and more rapid increase of testing potential. 

The points of curve 3 are the average of 182 tests total and 
therefore may be considered a fair average of the porcelain which 
we had at hand. An important result shown by this curve is 
that increase in thickness of porcelain from 0.4 in. to three times 
as much or 1.2 in. gives an increase in puncture potential only 
from 74kv. to 91 kv., which is 13 per cent. Three hundred per 
cent increase in thickness gives 13 per cent increase in puncture 
potential. Although this general condition of increasing the 
thickness without increasing the puncture potential is known, 
the small percentage of gain from an increase in thickness may 
be new to many. 



Fig. 29 

Puncture voltage of porcelain. Thickness versus puncture voltage. Curves to Ulustrate 
the effects of irregular surfaces of the porcelains and shape of electrode as they influence 
the puncture voltage. The upper curve is a reproduction of 60-cycle tests on flat disks. 
The lower curves are the same as given in the previous figure. 


56. Comments on the Choice of the Form of the Test 

Pieces of Porcelain 

It has been the custom of previous investigators on porcelain 
to have made up in the porcelain factory plain disks of varying 
thickness on which the puncture potential tests were made. 
These plain disks of porcelain involve the easiest conditions of. 
manufacture, both the drying and the firing being possible with 
a minimum resultant strain from shrinkage in the body of the 
porcelain. Consequently the puncture potential shown by these 
investigators is necessarily very much higher than shown in either 
curves 2 or 3 of Fig, 28. Such a curve taken at 60 cycles im¬ 
pressed is shown in Fig. 29, taken from results published by W. 
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F. Fellenberg, together with our average curve of Fig. 28. Any 
careful designer would take a factor of safety on the values ob¬ 
tained from the tests of such disks which would bring the working 
values even less than curve 3. The form of the porcelain part 
is a very important factor in the resultant dielectric strength and 
therefore it seems permissible to make tests on the actual porce¬ 
lain parts, irregular as they may be. In order to decrease the 
cost of such tests, comparatively small electrodes were used, a 
copper strip 0.12 in. thick and 2 in. wide, rounded at the surfaces 
that come in contact with the porcelain, and these electrodes 
were moved from point to point on the porcelain part tested. 
By getting a great number of tests a much better average value 
could be obtained than from a dependence on a single test. 
Knowing that the small electrodes would cause a high potential 
gradient at the surface of the porcelain, this practise may well be 
brought into question. I believe it is justified, however, by the 
fact that in testing either a bushing or an insulator in air, corona 
sparks creep out over the surface and the dimensions of such a 
spark are comparable to that of the electrodes we employed. 
Therefore, the potential gradient at the surface of such a spark 
might be at least as great as that produced by the strip electrode 
that we used. The corona is evenly spread over the surface of 
an insulator near the caps and pins and therefore there would not 
be the sharp outline of a spark. There is, however, at the end 
of the pin and at the edge of the cap of a suspension type insulator 
the same concentration of potential gradients. On the whole, 
we conclude that the use of the narrow electrode for testing under 
oil up to 90 kv. is justifiable in the condition in which it is used 
and gives reliable results. For higher voltages the time of appli¬ 
cation of voltage must be made very short to limit local damage 
by potential gradient. Some illustrative tests of this point are 

given later. 

57. The Relation of Puncture Voltage to Thickness 
OF Porcelain for Different Mixes and Firings 

There are three curves given in Fig. 30 showing the puncture 
potential of three different mixes of porcelain. The upper curve 
and the lower curve of the three are the puncture poten¬ 
tials taken on suspension type insulators and the middle curve 
on corrugated bushings. Therefore there exists a difference 
in form as well as a difference in material. The results show that 
there is no very wide variation between the different mixes of 
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clay, altliou-gli the color varied from a pure or bluish white to a 
light yellow. The porcelain which gives the lowest puncture volt¬ 
age in the curves of Fig. 30 had previously given in other samples 
tested through the head even better dielectric strength than the 
samples which gave the data for the upper curve. The weakness 
may be attributed to the shrinkage strains coming from the pres¬ 
ence of the petticoats on the skirt where the voltage was applied. 
So far as the study has been carried, it would seem that the differ¬ 
ent manufacturers of porcelain have their ups and downs of 
luck, and while one mix will be found high in dielectric strength 
at one time due to having the several factors of porcelain manu¬ 
facture combined under favorable conditions, they will have other 
periods when poor combinations will take place and the porce¬ 
lain will run a little lower in dielectric strength. It would seem 
that eternal vigilance ” is the price of obtaining a uniformly 



Fig. 30 

A comparison of the average puncture potentials of a number of different mixes of porce¬ 
lain. All tests were made on irregular surfaces. The numbers at the points represent 
the total number of tests made for each thickness. 


good product. In making designs of porcelain it is essential 
to use the puncture potential corresponding to the -minimum 
average that a porcelain factory can produce. 

58. The Technique of Development op Faults and Punc¬ 
tures IN Porcelain and Methods of Examination 

When porcelain punctures, the current may cause a single 
streak or it may cause a crack and, if so, the discharge usually 
flattens out in the crack, dividing into several paths. If the 
puncture occurs under oil the current will usually carry oil with 
it, which is carbonized in the heat of vapor of the electrodes, and 
both together produce a black streak which is easily seen after 
the porcelain is broken into pieces. The marking depends some¬ 
what on the length of time the discharge is allowed to play 
through the puncture. 
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After the porcelain is broken up the hammer blows or pressure 
which is used to break it up will produce cleavap surfaces and 
cracks which did not exist in the porcelain before it was smashe . 
It is important to determine what cracks existed before e 
electrical test was made, what cracks were produpd by the e ec- 
trical test, and their extent, and what closed laminations existed 
in the porcelain. These three faults should be differentiated 
from the cracks resulting from the mechanical destruction of the 
porcelain piece. Otlierwise stated*, after a piece o porce ai 
is smashed to pieces it is in general impossible without a pre¬ 
liminary stain to detect the cause of the different crac s w ic 


The following technique has been used to advantap in the 
examination of the porcelains and in most cases has in ica e 
the nature of the fault. In many cases the cause of the fault 
has been traced to a particular condition of manufpture whic 
needs to be improved. In beginning the tests of a piece of porce¬ 
lain, then, the first step is to determine the presence of pcidental 
flaws so far as possible. Soaking in eosin stain or anihne violet 
dissolved in alcohol, under vacuum, allows the pnetration o 
the stain into the open air-pockets and laminations. A darh 
stain may be used for this purpose. The stain is then washed 
off the surface of the insulator. Frequently the cracks will e 
shown up by the streaks where the stain has soaked into them 
and will not wash off. The insulator is then dried and punctured 
under oil. It is removed from the oil and the oil is washed out 
with gasoline or some other solvent of oil. The insulator is 
then thoroughly dried at a temperature above 100 deg. it 
is then immersed in red aniline stain (alcohol solution) md placed 
under a vacuum. The red stain will penetrate most of the holes 
and cracks that are opened up by the punctures. In removing the 
insulator from the stain it is wiped off, and washed off and.dne , 
to prevent discoloration later in handling the broken pieces. 
The porcelain is then broken up. The original cracks axe shown 
by the dark stain with a layer of red stain on top and the develope 
cracks are shown by the red stain alone. In some cases it is 
found difficult or impossible to remove the oil from a crack an 
this oil will be found on the surface of the crack as an indicator 
that the crack was produced by the discharge. Any surface 
of a broken piece which shows neither stain nor oil, it is natural 
to infer, is produced by the mechanical strains of the hammer or 
vise. The alcohol solutions are far more penetrating than 
solutions in water , sucb. as ink. 
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59. Closed Pores and Bubbles, Known as Blebs ” 

In the glazes on electrical porcelain, so far examined under a 
microscope, all have contained bubbles which have the same ap¬ 
pearance as the familiar bubbles in common glass. A magnify¬ 
ing glass is sufficient to bring these to view but a magnifying 
power of 50 is desirable for careful examination. A magnifying 
power of 250 diameters usually obscures them because the focus 
is of such short range that only a part of a bubble can be seen 
with one setting of the lenses. They are more easily seen and 
studied in colored glazes than in the clear glaze. The size of the 
bubble and the number of them differ in the glazes from different 
manufacturers—in fact they differ in number on the same piece 
of porcelain. On ridges the glaze is liable to run thin; in the 
valleys of corrugations it is much thicker and as many as three 
bubbles can be found at the same position of the microscope at dif¬ 
ferent depths in the glass. These bubbles are apparently formed 
by a boiling of the glaze at the temperature of 1310 deg. cent. 

No significance has been attributed to them so far, but our 
very recent experiments on the beginning of failure, as given 
later under tests with potential gradient, indicate that under 
certain conditions these bubbles may play a not unimportant 
part in the failure of the porcelain back of them. 

The bubbles being formed at high temperature, the gas they 
contain must be at a partial vacuum and therefore easy to 
ionize by the application of voltage. 

When these blebs appear in the body of the porcelain it is 
natural to infer that either too much feldspar or other flux has 
been used, or the temperature of the kiln was carried too high 
for the ingredients of the porcelain. It is rare indeed that 
visible blebs'’ are found in electrical porcelain outside the 
factory. Perhaps this is because such pieces will be so soft at 
the high temperature that they will warp out of shape, and 
consquently they will be scrapped during the first visual inspec¬ 
tion as they are taken from the kiln. 

An unusual form of bleb has been found in one kind of porce¬ 
lain, for which no definite explanation has yet been found. 
The bubbles are of varying size, all visible with the naked eye, 
and some of them are as large as one millimeter in diameter. 
These pockets or bubbles at the surface of a broken piece of 
porcelain were filled with eosin stain dissolved in alcohol and 
after thoroughly drying the stain the edge surface of the porce¬ 
lain was ground off, thus decreasing the depth of bubble. It 
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was found that the stain had soaked into the walls of the bubble 
to a depth greater than the diameter of the bubble. Here is 
an odd bleb surrounded by open pores. The porcelain was made 
in an experimental way and the bleb might have been due to a 
free flux as distinguished from a flux like feldspar in which the 
potash is bound up chemically until a high temperature is reached 
in the kiln. 

Ceramists state that even the best porcelain contains minute 
cavities or pores of microscopic dimensions. This structure 
may be called the natural one for porcelain and the term bleb ’* 
does not apply to it. It is probable that the granular or flaky 
structure of the porcelain is the characteristic that makes it 
less brittle than glass. 


60. The Hot and Cold Test 

Strains and laminations will usually be developed by a hot 
and cold test on the porcelain. This test has been used by a 
number of investigators and consists of transferring the porce¬ 
lain periodically from boiling water to cold water. After a 
few transferences of this kind the insulator can then be soaked 
in stain under a vacuum to mark the cracked surfaces. A 
partial crack developed in this way will be completely developed 
by a high-potential high-frequency test. A complete crack 
from surface to surface of the. porcelain will be indicated by a 
megger test. By using the megger test first it is possible to 
distinguish between partial cracks and complete cracks. 

Regarding the question of the fairness of the hot and cold 
tests, we must again look to the conditions which occur in prac¬ 
tise. It sometimes happens in certain climates that a hai 
storm will occur on a very hot day. The insulator and pin are 
at or above atmospheric temperature and a. shower of hail or 
equivalent ice-cold water falls on the top of the insulator. This 
cools the upper exposed surface, leaving the lower ones warm. 
In the winter-time it occasionally happens that the tempera¬ 
ture will change from a low value into a warm ram. This gives 
the insulator the other extreme of change of temperature. 

It would seem from these two conditions that a hot and cold 
test carried over a range somewhat greater than that whic may 
occur in practise is a justifiable test. It should be note^ a 
the hot and cold test may develop mechanical strains 
porcelain which are present but normally are not faults. It is 
conceivable that a hot and cold test may produce strains and 
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faults which did not exist before the temperature changes took 
place, due to a lack of elasticity in the porcelain and cement. 
Unless there is air in the porcelain it has not yet been deter¬ 
mined whether such latent faults would always be developed 
with certainty by the electrical test, although the tests given 
would indicate that they would be. Theoretically the elec¬ 
trical test should strain the porcelain mechanically and might 
develop the faults. It should be recalled that we have shown 
by Fig. 23 that the electrical test when carried to the limit de¬ 
velops a puncture along those lines where shrinkage strains 
were greatest. Everything else being equal, we may tenta¬ 
tively infer from these tests that the shrinkage strains decreased 
the dielectric strength about 30 per cent. 

61. Hot and Cold Tests Applied to Suspension Type 

Disks 

Insulators from three different manufacturers, foreign and 
domestic, were used. The insulators were carefully tested to 
arc-over value and showed no puncture. The first set of hot 
and cold tests consisted in placing the insulators first in water 
at 66 deg. cent, and then in water at 9 deg. cent, for periods of 
10 minutes each. Four insulators total were tested and none 
of them was cracked by this test. 

In the next test the insulators were plunged into hot water 
at 100 deg. cent, for five minutes, then taken out and allowed 
to cool. In a subsequent test the voltage was not carried up 
to arc-over value but sufficiently high to give heavy corona dis¬ 
charge with potential from the oscillator. One of the four in¬ 
sulators punctured. We will designate these four insulators 
by A, B, C, and D. 

Insulator D, the punctured one, was replaced by insulator 
D-1. The four insulators were again immersed in boiling water 
for 10 minutes, then plunged into cold water at 9 deg. cent, for 
10 minutes. Insulator D-1 punctured under subsequent tests. 
Three more insulators were now added, which will be designated 
by B-1, C-1, and D-2. These insulators were then alternately im¬ 
mersed three times in boiling and three times in cold water at 9 deg. 
cent., each for 10 minutes. It was found that D-2 was punctured 
but all the others were normal. Insulators D-3 and D-4 were 
now added and all of them were again placed in boiling water 
for three minutes and in cold water immediately afterwards, 
and then tested. In this case no punctures were produced. 
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It should be noted that the insulators designated by C and 
D were made by one manufacturer and the difference in their 
ability to withstand the temperature changes was due to the 
form and vitrification of the porcelain and certainly not to the 
ingredients. 


62. Additional Tests to Determine the Quality of 

Porcelain 

Space does not permit of a description of other tests which 
have been made to determine the quality of porcelain, since it 
is desired here to show particularly the application of the oscilla¬ 
tor and the new results which may be obtained with it. These 
other tests, however, are of varying importance and may pos¬ 
sibly be given later. Por example, the mechanical impact test 
with a varying weight is important in determining the fragility 
of the porcelain. Of the other tests along this line are the fifig 
of poTCclciin whcu struck, tensile strength^ compressive strength, 
abrasive resistance, tests for toughness or brittleness, X-ray tests, 
microscopic investigation with etching, dielectric constant as a^ 
basis of comparison, absorption tests, and so forth. 


63. Tests with Continuous High Frequency from an 

Alexanderson Alternator 

It seems desirable to distinguish at this time between the 
results obtained by high-frequency wave trains such as are 
generated by the oscillator and continuous high frequency as 
generated by an alternator giving 100,000 to 200,000 cycles 
continuously. In practise there is no known strain on insula¬ 
tors corresponding to a continuous high frequency. Therefore 
there is no reason for using the high-frequency alternator in a 
standard test, much less, in fact, than for using 60 cycles as a 
standard test for insulators. However, the high-frequency 
alternator can be used in special tests to determine dielectric 


losses. 

64. Testing with Wireless Outfits 
The usual apparatus used in sending wireless messages pro¬ 
duces a series of wave trains of somewhat the same form as the 
oscillator already described. It is usual, however to use a 
frequency of several hundred cycles per second in place of the 
60 cycles per second. This gives a little more heating than an 
equal voltage furnished from the oscillator. There is a con¬ 
siderable difference in the practical handling of the two methods. 
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65. Comparison of Smooth and Corrugated Surfaced 

Bushings 

It is well known among designers that corrugation and petti¬ 
coats on the surface of bushings increase the spark voltage. 
The following study was made to determine the laws of varia¬ 
tion of spark voltage with increase of length of bushing, both 
smooth and corrugated. 

Four test samples were used. No. 1, corresponding to curve 
1, Fig. 31, was a porcelain bushing one inch thick, having a 
depth of corrugation of \ in. The thickness of porcelain in all 
of these data is always measured at the minimum point, that is 
to say, at the deepest part of the corrugation. 



Fig. 31 

The relation of length and thickness to the arc-over voltage in air of porcelain bushings 
and also a comparison of smooth and corrugated surfaces. Tests made with the oscillator. 
The relation is given between straight arcing length in inches and the kilovolts arc-over 
voltage. 


Test piece No. 2^ corresponding to curve No. 2, was | in. 
thick with J-in. corrugations. 

Test piece No. 3, corresponding to curve 3, had a thickness 
of one inch and a smooth surface. 

Test piece No. 4, corresponding to curve 4, had a thickness of 
1/2 in., and a smooth surface. These curves show the relation 
between the arc-over voltage and the arc length measured 
straight from electrode to the end of the test piece, but not taking 
into account the increased length due to corrugation and thick¬ 
ness at the end. The tests were made by placing a metal rod 
inside the porcelain bushing and placing a metal ring around the 
porcelain at different distances from the end to give different 
spark lengths in air along the surface of the porcelain. 
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To compare the corrugated with the smooth porcelain, curves 1 
and 3 may be used, both having one in. thickness of porcelain, 
or curve 2 may be compared with curve 4, both pieces having 1/2 
in. thickness. The effect of thickness can be obtained by com¬ 
paring curve 1 and curve 2, both of which are corrugated, but of 
different thickness; or by comparing curve 3 and 4, both of which 
are smooth, but of different thickness. As an example, it is seen 
that for an arcing length of 3 1/2 in. and a thickness of one in., 
the arc-over voltage for a smooth surface bushing is 52 kv. 
Corrugating this surface with ridges 1/4 in. high raises the spark 
potential to 77 kv. From these data the relative effect of the 
corrugations can be seen. This relative value of corrugating is 
brought out by making comparisons of the spark-over voltages 
for different arc lengths at any desired point. 

66. Study of Arc-Over Voltage of Bushing, Using Super- 
Spark Potential from the Oscillator 

All the studies so far carried out have been on the basis of pro¬ 
ducing a design of porcelain of sufficient dielectric strength to 
withstand the voltages necessary to cause an arc-over when the 
applied voltage is gradually raised. This is the condition in the 
standard practise of testing as carried out today. 

We are now to look forward to a more ideal design of insulators 
in wh i ch the requirements are going to be very much more severe. 
In practise, insulators are subjected to momentary lightning 
surges in which the potential may be very much above the value 
necessary to produce a spark. This high potential is very 
quickly relieved by the movement of the lightning surge along the 
circuit. If the relief is sufficiently rapid the super-spark poten¬ 
tial may be applied to the insulator without causing an arc-over, 
simply because the arc has not had time to form. In line insula¬ 
tors it is absolutely essential that this super-spark potential shall 
not cause a puncture from electrode to electrode through the 
porcelain. The brief time required to puncture the porcelain must 
be greater than the time necessary to form the creepage spark 
around the skirts of the insulator through the air; otherwise a 
puncture will be produced. 

In the case of porcelain bushings, the problem is somewhat- 
different from the design of a line insulator. This difference 
comes from the fact that the porcelain bushing is used on a 
definite piece of electrical apparatus such as a transformer, nrotor, 
potential regulator, meter, etc., and there is need of a lightning 
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arrester at this point. If it is possible and reasonable to do so, a 
porcelain bushing should also be designed with the criterion 
that it should always arc over before it punctures. We shall see 
later that this may lead to great difficulties and it may be deemed 
advisable by the designer to use a different basis. Since the 
bushing is protected by a lightning arrester in the neighborhood it 
should be possible to find a factor of safety against puncture of 
the porcelain which is sufficiently high to be above the maximum 
potential that can exist across the bushing as limited by the 
lightning arrester. At the present time this factor of safety is 
unknown., due principally to the lack of information regarding 
the voltages which may come from local oscillations, such as 
would create momentarily a higher voltage at the bushing than 
exists at the terminal of the lightning arrester. It is impossible 
to place all the lightning arresters quite near all the bushings 
which they are to protect. However, it is a tenable hypothesis 
that a factor of safety can be chosen which will put the spark 
potential of the porcelain bushing above the maximum potential 
that can exist across the lightning arrester for any intensity of 
discharge, wdth the exception of a direct stroke. If this standard 
of design is adopted a bushing may be used which cannot be 
tested to the voltage which would cause an arc-over. In other 
words, in a long bushing with much exposed surface to mitigate 
bad effects of dust collection, the requirements of test should be 
changed to suit these new conditions. The test should then carry 
the test voltage up to a value corresponding to the factor of safety 
, chosen, say three or four. Nevertheless, the same standard made 
for the insulator is desirable for the bushing if it can be attained 
practically. To summarize, then, line insulators which have no 
lightning arrester protection must of necessity be designed so as 
to withstand a super-spark potential without puncturing, being 
always protected by an arc over the surface of the porcelain. 

The plan is now to make an experimental investigation of 
what conditions must exist in porcelain bushings in order that 
the super-spark potential shall cause an arc-over rather than a 

puncture. 

The first test is made on a smooth surface bushing! in. thick, 
with a length along the surface of 1.9 in. The generated poten¬ 
tial of the oscillator was gradually raised in successive steps 
from the arc-over voltage (27 kv.) to its maximum value of 
170 kv. corresponding to 10 kv. on the control gap shown as 
abscissas in Fig. 32. As the momentary impressed potential 
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is increased from 27 kv. to double that amount the gap 
in parallel with the bushing shows an increase in potential from 
27 kv, to 32 kv. This increase of 19 per cent in the equivalent 
spark voltage at the terminal of the bushing for 100 per cent 
increase in the applied super-spark voltage represents a loga¬ 
rithmic time curve of discha-rge, the time decreasing rapidly with 
the increase in voltage. When the super-spark potential has 
been increased to 24 times the arc-over potential, the equivalent 
gap in parallel with the bushing shows a maximum rise of volt¬ 
age to 50 kv., which is slightly less than twice the arc-over volt¬ 
age. 

From the point of 24 times the arc-over voltage, to the super- 
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CONTROL GAP SETTING ON OSCILLATOR 


Fig. 32 

The relation of arc-over voltage on a smooth porcelain bushing 0.38 in. 
ncr#* above the soark voltage, that is, super-spark voltage, is applied. Tests made with 
the oscillator. Relation is shown of control gap setting and arc-oyer voltage as rneasured 
bv a trat) in parallel with porcelain bushing. Control gap setting corresponding to 

geSratJd in the corelesf transformer ab^ov^ 

erated is considerably above the values “e^^^ted y the gap when the 
minimum vfliue that will causc an arc-over. Two dmerent sets or curves are snuwxi. 

EaclTSirve has two branches. The upper branch represents blanch 

causes all the discharge to take place across 

shows the maximum gap setting which will just take away all discharges from the D 
ing in parallel. 


Spark potential of 40 times the arc-over voltage, the equivalent 
gap in parallel with the bushing increases only 2 kv. more. ^ In 
other words, the maximum possible potential that may be im¬ 
pressed on this bushing is of the order of double the arc-over 
potential. We might look forward at this time to our method 
of design. If we were choosing the thickness of this bushing 
for a design that would withstand super-spark potential with¬ 
out puncture, we would turn to a puncture curve of porcelain 
under oil and choose from this curve a thickness and grade of 
porcelain which would not puncture on 50 kv. applied. This 
bushing would then arc over for super-spark potentials of 175 
kv. at 300,000 cycles and should be proof against puncture. 

In this same set of tests another factor was studied, namely, 
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the factor usually determined in the design of lightning arresters. 
What gap must be placed in parallel with the bushing such that 
the discharge will always take place over the parallel gap rather 
than over the bushing? In terms of lightning arrester design, 
what equivalent gap must a lightning arrester have so that it 
will always take the discharge of high potentials away from- a 
bushing and thereby give it protection from arc-over? In Fig. 
32 the lower branch of the curve shows a practically constant 
voltage setting of 28 kv. on the gap to take the discharge, 
even when the super-spark potential was as great as 175 kv. 

In the next step the length of the same smooth surface bush¬ 
ing was increased from 1.9 in. to 3.9 in. The same system of 
tests was applied and is shown (Fig. 32) in the corresponding 
pair of curves with cross-hatching between them. There is 
one feature of special note shown by this curve which is different 
from the previous one. The lower part of the curve, that is, 
the parallel gap which will protect the bushing from arcing over, 
is considerably less than the arc-over voltage of the bushing. 
For example, the arc-over voltage is 38 kv. With a super¬ 
spark potential of twice the arc-over potential the gap must 
be reduced from 38 kv. to 34 kv. in order to take the spark away 
from the bushing. Again this curve shows a change of direc¬ 
tion at a point on the control gap marked 6 kv., corresponding 
to about 100 kv. momentarily impressed on the gap. We must 
not conclude that the curves representing the equivalent gap 
in voltage are actual voltages. It is impossible in the present 
state of knowledge to state accurately what the impressed volt¬ 
age is from the setting of the spark gap. The dielectric spark 
lag enters therein, and is affected by various conditions. We 
must take into account also that the impressed frequency in 
this case is about 300,000 cycles and that the equivalent gap 
would change somewhat by a change in the frequency, this 
being due to a relation between the wave front and the dielec¬ 
tric spark lag of the gap. 

67. Further Tests with Super-Spark Potential 

In Fig. 33 are shown two sets of curves taken on bushings 
with corrugated surface. The sparking length of bushing in 
the lower curve was 1.75 in. and in the upper curve 3.9 in. 

As before, the abscissas are proportional to the applied super¬ 
spark potential and the ordinates represent the potential as 
measured by the sphere gap. There are two curves for each 
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setting of the super-spark potential, one minimum equivalent 
gap which takes all the discharge and one maximum equiv¬ 
alent gap in which all the discharge is transferred to the brnsh- 
ing which is connected in parallel with the gap. 

These curves show the same general outlines as the previous 
tests on smooth-surface bushings. The corrugated bushings, 
however, show a very much higher test of voltage, which is due 
to the greater difficulty in forming a creepage spark over the 
hills and valleys of the corrugations. The spark will run over 
the outside surface, parallel to the conductor in the center of 
the bushing, fairly easily, but when it has to climb one of the 
ridges of the corrugation at a considerable angle to the central 
conductor it requires a very much higher voltage to produce 
the creepage spark. Once over the ridge the spark can again 



Fig. 33 

These relations are entirely similar in every respect to the curves given in Pig. 32 except 
that the thickness of the bushing was one in. and the surface was corrugated with ndges 
0.25 in. high. (In the lower branch of the upper curve, at 6 kv. setting on the control 
gap, is an error. It should be 82 kv.) 


dart down into the valley of the corrugation with ease but is 
again retarded as it climbs the next ridge of the corrugation. 
This condition has been illustrated elsewhere and it does not 
seem necessary to reproduce the illustrations at the present time. 

Formulas for the Laws of Variation of Super-Spark 
Potential versus Arcing Length on Corrugated Bushings 

Many tests were made on difierent forms of insulators and it 
was found that the law of creepage spark was usually of the na¬ 
ture of an exponential curve within the range of lengths and 
thicknesses studied. The different formulas need checking in 
extrapolated points and for this reason they are not published 
at the present time. The points given for the curves of super- 
spark potential fall approximately on a straight line when plotted 
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on logarithmic paper. The curves are represented by the fol¬ 
lowing formula: 

V — 50 (porcelain corrugated) 

V = Maximum measured super-spark voltage in kv. 
t = Minimum thickness in inches 

L = Distance from outer terminal to end of bushing in inches. 

68. Testing of Strings of Insulators with the 300-kv. 

Oscillator 

When the problem of testing disk insulators in strings is under¬ 
taken the oscillator shows some marked advantages over the 
60-cycle method. The oscillator has dimensions and cost which 
are only a small fraction of a 60-cycle outfit. In designing 
60-cycle transformers there is nothing gained by using extremely 
small wire and therefore the dimensions of the transfomer for a 
voltage of 500 kv. to 750 kv. are necessarily comparatively large. 

The several insulator disks in series in the suspension type in¬ 
sulator have separated electrodes which give what may be called 
the multi-gap effect, each iron electrode on the insulators hav¬ 
ing a capacitance to ground as well as to the adjacent one. This 
theory was first explained by Dr. Steinmetz in 1906 in relation 
to the multi-gap arrester. He showed that the concentration of 
voltage at the end gaps of the lightning arresters was due to the 
capacitance of each metal cylinder to ground. It is now com¬ 
mon knowledge that the same condition exists in a string of sus¬ 
pension insulators and the voltage is unevenly distributed 
throughout the string, as has been shown by several investigators. 
The disk next to the line takes the largest percentage of voltage. 

After noting this theory, it is somewhat confusing to find that 
in testing a string of insulators it is not the end disks which are 
most liable to puncture. Some tests were made which show that 
the insulator farthest from the end is the one most frequently 
punctured by the high-frequency wave trains from the oscillator. 
Five insulators were placed in series and connected to the oscil¬ 
lators, having no ground at either end. This places the third 
insulator at zero or earth potential. Out of 21 insulators punc¬ 
tured, 13 of these were in the location of the third disk, four were 
in the location of the second disk, and two in the corresponding 
symmetrical location of the fourth disk. There was only one 
insulator at each end of the string that was punctured in all the 
tests. Making comparisons between these different conditions, 
the middle disk of a string of five punctured 13 times as many 
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times as the end insulators. It also punctured 3 to 6 times as 
many times as the adjacent disks on each side of it. 

The explanation of this phenomenon seems to be that of differ¬ 
ence in super-spark potential on the disks in the different locations. 
As a tentative explanation the following is given: When the high- 
voltage high frequency is applied to this string of insulators 
the distribution of potential gives the greatest potential at the 
end disk and the least at the middle disk. However, the total 
voltage applied to the end disks is not extremely high, because of 
the partial distribution along the string. The applied voltage 
is somewhat higher than the value necessary to cause a spark. 
The end disk sparks over and there is thrown suddenly on the three 
remaining disks a super-spark potential of considerable value due 
to the short-circuiting of the end disk by the spark. The dura¬ 
tion of time considered is of the order probably of a few millionths 
of a second. The total voltage applied in these tests, approxi¬ 
mately 350 kv., is now divided somewhat unequally between 
the three disks. If the second and fourth disks are not punctured 
by this excess voltage they will spark over and the middle disk 
for a moment will receive a voltage of nearly the full value of 
350 kv. As a result the middle disk is very liable to be injured. 

The effect obtained by the concentration of voltage on the end 
disks and their successive elimination by sparking around the 
skirts of the disks is very much like using one insulator on this 
oscillator and suddenly discharging against it an impulse of 350 
kv. The actual spark potential of the disk is about 85 kv., which 
leaves a super-spark potential of 265 kv. This effect is exactly 
like the one obtained from a lightning stroke on the line. I think 
it very probable that operators of transmission lines can confirm 
the statement that lightning does,damage disks from time to 
time that are nearer the ground terminal than the line terminal 
of the string of disks. 

It is important to add further information in regard to the 
duration of the tests. In each case the 60-cycle potential was 
applied to the oscillator for a period of five seconds. The test 
was then discontinued for five seconds, giving the insulators a 
rest, and then re-applied. In order to puncture the middle 
insulator the number of applications of five seconds duration 
is given as follows; 8, 7, 21, 9, 1, 18, 4, 50, 18, 16, 10, 8, 1. 

The number of applications of five seconds each to puncture 
the six adjacent disks, namely the second and fourth in the 
string, was as follows: 30, 1, 39, 16, 8, 3. "For the end disks, 



546 


CREIGHTON: INSULATOR TESTING 


[Feb. 19 


namely the first and the fifth, there were 9 and 11 applications 
of five seconds duration. Each second represents 120 wave 
trains applied to the insulator, so that each application, as given 
in the above list, means 600 wave trains discharged against 
the string. 

In the data given above there is no statement made of the 
number of times that the impulses were applied without causing 
damage. The method of test was to continue to apply the 
voltage to the string of insulators for five-second periods until 
at least 50 applications could be made without damage to the 
string of insulators. Then a new string was installed, and as 
fast as the disks were punctured they were replaced until the 
string showed its ability to withstand the tests. In the first 
string there were 50 applications of five seconds duration finally 
applied without causing damage. In the second string 120 appli¬ 
cations were finally made without causing punctures. In the third 
string there were also 120 applications without causing puncture. 
In the fourth string of insulators there were 50 applications 
without causing puncture. These tests tend to show that the 
insulators are designed so that they can withstand this test. 
It is an extremely severe test and under present conditions of 
knowledge and manufacture it would seem to be unfair by being 
undulv severe. The tests are given not as recommendations 

but as information on the subject. 

In regard to the location of the punctures, 50 per cent took 
place in the head of the disk and 50 per cent at an average dis¬ 
tance of one in. out on the porcelain skirt. Another series of 
tests was made in which the duration was only | second, with 
two-second intervals of rest. It was found that a shorter dura¬ 
tion was of very much less severity to the porcelain than the 
longer duration. Damage is-therefore being done to the porce¬ 
lain in a manner which will be illustrated later, under potential 
gradient tests. While the arc-over potential of these disks was 
in the neighborhood of 85 kv., the puncture potential under oil 
was ’ 128 kv. and 150 kv., which gives a factor of 150 per cent 
and 176 per cent. The study of the necessary dielectric strength 
to puncture, similar to the one already given for bushings, could 
be made with an oscillator and thereby determine what factor 
is necessary in order that the suspension disks shall always 
spark around the skirts rather than puncture.. No previous 
tests were made under oil on any of the disks that punctured 
to determine if their factor of safety was as high as the two given 
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above. It is desired at the raoment simply to point out that it 
is a comparatively easy investigation to make with the oscillator, 
although precaution must be taken to limit the duration of the 
test to the value that will not cause local damage to the porce¬ 
lain by corona in accordance with the values detemiined from 
the potential gradient tests, examples of which are given later. 

69. Potential Gradient Tests with the Oscillator not 
Carried to Puncture of the Porcelain Piece 

Test piece was a porcelain bushing, 13 14/16 in. long with a 
minimum diameter of 3 10/16 in. outside and 1 6/16 in. inside, 
approximately. The thickness of the porcelain was 0.94 in. 
From bottom to top, as it stood in drying and in firing, there 
are eleven grooves on the lower half and nine grooves on the 
upper half. The tests were started on the top groove, No. 20. 
Inside the porcelain tube an iron pipe was placed and on the 
outside was placed our standard electrode, which is 0.12 in. 
thick and 2 in. wide, rounded at the edges. The porcelain was 
immersed under transil oil to a depth of 2 in. The duration of 
application of voltage in every test was five seconds. On the 
20th or top groove the first potential applied was 60 kv., and in 
each succeeding groove there were 10 kv. added. When 120 
kv. was reached and applied for five seconds the porcelain 
punctured. The detailed results of these tests follows. 


tests with variable voltage but 5 seconds constant duration 

Groove. Kv. ap- Cominents 

No visible damage to the surface. 


No. 

plied. 

20 

60 

19 

70 

18 

80 e 

17 

90 

16 

100 

15 

110 

14 

120 

12 

60 

11 

70 

10 

80 

9 

90 

8 

100 

7 

110 
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120 

4 

80 

3 

90 

1 

100 
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A very definite black streak was produced on the ridge. 

Only a very slight marking on the surface. 

More evident damage to the surface. 

The porcelain was punctured and a piece i in. wide was chipped off. 
No visible damage done to the surface. 


if 


it 


it 


it 


it 


it 


ti 


Small piece of glaze chipped out on the side of the ridge and a black deposit 
at the bottom. Length two mm. 

Very visible damage done, chipping out the glaze for about 2 millimeters 
and producingfivedefiniteblackspots. There was one puncture hole through 
a bubble in the glaze and the puncture ran in various directions to the 
other five spots, all of which are bubbles in the glaze. 

Although the voltage was higher there are only two very small spots where 
the corona broke through the glaze. 

Again a very appreciable piece four mm. long chipped out of the glaze. 
Punctured, leaving a small black spot, showing a superficial crack about 
25 mm. long running across to the next groove. 

No visible damage done to the surface. 

Punctured. A chip about three mm. wide and five mm. long was thrown 
out of the surface. A crack 10 mm. long was caused by this puncture. 

No visible damage done to the surface. 
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Further Comments. A microscopic examinatioii was made 
from 25 diameters to 250 diameters. The damage to the sur* 
faces is done by the combination of potential gradient and 
heat of the corona. It seems evident from these tests that 
there is a considerable difference in the dielectric strength of 
the porcelain in different spots, as evidenced by the fact that 
some, say at 100 kv?, did not scar the surface where tests at 
90 kv. did. This naturally leads us to the possibility of ex¬ 
amining the homogeneity of porcelain by means of potential 
gradient as distinguished from the ordinary potential tests. 
Such a study will be described later. 

70. Potential Gradient Tests on Porcelain with the 
Electrodes so Arranged that Puncture could not take 

Place 

In the previous test given, the lines of electrostatic force were 
perpendicular to the surface of the porcelain, due to the fact 
that a long metal electrode was used inside the porcelain bush¬ 
ing and the other electrode was placed against the surface in a 
valley of a corrugation. 

In the test now to be described the internal electrode was 
removed from the bushing and placed in the oil at a horizotal 
distance of 9 in. from the center of the porcelain bushing and 
at about the same distance from the other electrode which 
rested on the upper surface of the bushing. The lines of elec¬ 
trostatic stress were carried through the porcelain to a certain 
greater extent than through the oil, due to the fact that the 
dielectric constant of porcelain is about 2\ times that of oil. 
However, there was no tendency to puncture the main body 
of the porcelain and the only effect obtained was the intense 
voltage gradient at the surface of the porcelain on which the 
small electrode rested. 

In the first group of tests the time of application was 10 sec¬ 
onds and the potentials used varied in the seven different 
grooves tested from 120 kv. down to 70 kv. The general re¬ 
sults of these tests were negative, that is to say, no markings 
were caused by the potentials applied. 

In the second group of tests the porcelain bushing was rotated 
about 80 deg. from its previous position. The time of applica¬ 
tion of potential in each of the ten tests made was five seconds. 
The results show the gradual development of faults. 
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Groove Kv. Ap- Comments 

No. plied. 

1 70 No visible damage to ttie surface. 

2 80 No visible damage done to the surface. 

« 

3 90 A visible blade speck on the glaze of the bottom of the groove. 

^ 100 ** 

5 110 Slightly larger speck. 

6 120 Same size of speck as previous test. 

7 130 Same size of speck as previous test, 

8 140 Visibly larger speck. 

9 150 A black streak about two mm. long. During the test a visible glow was 

seen through rather dark oil at a depth of 3 in. at the contact of the electrode 
and the surface of the electrode. 

Comparing the second group of tests with the first group, it 
should be noted that in spite of a reduction of time from ten 
seconds to five seconds, damage was done at the same voltage, 
which indicates, perhaps, weaker porcelain. 

In the next test, which was made on groove 10, the time of 
application of potential was increased from' five seconds to 30 
seconds and the voltage was maintained at 150 kv. As a result 
a black streak about three mm. long was produced on the surface 
of the porcelain. A microscopic examination showed two punc¬ 
ture holes in the glaze and a black streak running along the 
surface of the porcelain. The diameter of the punctured holes 
in the glaze was about equal to the size of the bubbles in the 
glaze. 

In the third group of tests the time was made uniformly 30 
seconds for each step. The same angular position was used as 
in the previous tests but the distance was 3^ in. farther up on 
the bushing. 

Kv. Ap- Comments 

plied. 

100 No visible damage to the surface. 

120 A glow at the electrode visible through the oil. A streak about 5 mm. long 
was produced on the side of the ridge. Some glaze was chipped off. 

140 Same glow as before. Small black speck produced on the side of the ridge. 
160 Visible glow through the oil. A circular piece about 2 mm. in diameter 
chipped out of the glaze on the side of the ridge and a streak 10 mm. long 
extending at an angle down the ridge. 

Conclusions. So far as the data go we must conclude that 
the quality of the porcelain varies at different points of the 
surface. The damage is apparently done by an extra large 
displacement current at the surface which causes local heating 
by the spark. These tests apparently indicate a new method 
of investigation of homogeneity of porcelain. They have not 
been carried far enough to determine all the causes of differences 
found. 


Groove 

No. 

12 

13 

14 

15 
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71. An Examination of the Surface of a Porcelain Bush¬ 
ing BY Voltage Gradient Tests 
After considerable preliminary work the following basis of test 
was determined upon. A corrugated porcelain bushing of uniform 
thickness was immersed in oil with a rod 3/16 in. diameter through 
the center of it. Around the bushing in the valley of a corrugation 
was placed a copper wire 0.05 in. diameter. Between these two 
electrodes’ there was applied 120 kv. during a period of five sec¬ 
onds, using the oscillator as a source of power. As a result, 
the voltage gradient at the surface of the wire caused more or less 
small black spots or scores. The electrode was then moved 
into the valley of the adjacent corrugation and the test was 
repeated until all the 20 corrugations were covered. An examina¬ 
tion was then made of the surface of the porcelain and it was 
found that in certain localities there were no spots and in cer¬ 
tain other localities there was a considerable number of spots. 
The development of the surface of the porcelain is shown in Fig. 
34 with the location and the relative sizes of the spots. 

Since at the start the potential gradient at all parts of the 
encircling wire was quite uniform, these tests show a difference 
in the dielectric current in the porcelain. The exact nature of 
this difference is not determined at the time of writing but it is 
evident that it represents a difference in homogeneity of the 
porcelain. It cannot be stated that this difference represents a 
serious or important difference in this particular piece of porce¬ 
lain. At the same time it would seem that this electrical method 
would be a convenient one for examining variations in the porce¬ 
lain as they might be affected by non-homogeneous distribution 
of ingredients, by drying, or perhaps some other factor. 

Knowing that the bubbles in the glaze are the beginning points 
of the damage to the surface and still further knowing that the 
expansion of a spark into a bubble would give 'a greater concen¬ 
tration of voltage gradient at this point, it was thought possible 
that the beginning of the trouble was due entirely to the acciden¬ 
tal! ocation of bubbles in the glaze. While this may be true, it 
was necessary to make further tests to determine if there was a 
real difference in the quality of the porcelain underneath the glaze. 
The porcelain bushing was taken to a carborundum wheel and 
the glaze was carefully ground off in the valleys of the corruga¬ 
tions. The previous tests were then repeated and are shown in 
the three lower lines of Fig. 34. The damage done in the previous 
tests was entirely superficial and the black spots disappeared 
during the grinding off of the glaze. The new spots shown for . 
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corrugations 13, 7 and 3 occurred in the same general locality 
that they did in the previous test when the glaze was present. 
This tends to prove that the porcelain varies in quality through¬ 
out the bushing. 

72. When Does the Test Damage Good Porcelain? 

It was found in the voltage gradient tests that when the volt¬ 
ages over 100 kv. were applied the damage to the porcelain started 
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Fig. 34 

Map of scored surface of a porcelain bushing to which was applied a voltage gradient 
test. 120 kv. was applied ten seconds. The small black spots represent the beginning 
of puncture. The variations in the location of the spots over the surface of the porcelain 
are presumably due to variation in the quality of the porcelain. The small map below 
shows three tests on grooves which had the glaze ground off. The electrode was a wire of 
0.05 in. diameter wrapped around the valley of the corrugation in each of the above tests. 

in a definite spot and within a few seconds the damage was gradu¬ 
ally increased until puncture finally took place. By making a 
few preliminary trials it was possible to determine roughly the 
law which determines the voltage and time of application which 
would damage the surface. These time-voltage applications 
were then made over the different parts of a porcelain bushing 
and as a result a certain number of spots was obtained for each 
application. The spots varied in diameter and somewhat in 
number. Therefore a certain arbitrary weight was given to the 
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size of the spot and the number of spots was taken as a criterion 
of damage done. Small spots were given a weight of 0.8 of the 
average. Large spots were given a weight of 1.2 of the average 
size of spot. Then the time voltage tests which gave approxi¬ 
mately the same number of spots were chosen. The results 

are plotted in Pig. 35. 

It must be confessed that this is a rough method of arriving at 
the cuive and yet it is of fair reliability for this quality of porce¬ 
lain. It shows that at the higher impressed voltages the time of 
application must be materially less than when the applied volt¬ 
ages are lower. At something less than 100 kv. it shows that 
the tests on this particular sample can be applied for an indefi- 



Fig. 35 


A rotagh curve to illustrate the growth of 

ings at different values of kilovolts apphed. M the higl^rvo^ae t^^ aa proper 

nitely long time without starting a fault by concentration of volt¬ 
age at the electrode. _ , j- a. *• 

This is the fost step in laying out a ration^ rule for testing 

of porcelain. Other tests are being ma^e, using wires of larger 
diameter with corresponding variations in the values of potential 
gradient in order to determine the law of potential gradient ver¬ 
sus damage to the porcelain. The potential gradient is ex¬ 
tremely bi gh as compared to the value that causes corona in air 

(30 kv. per cm.). . , . 1 . • 

In developing the oscillator and gathering the data herein pr - 

sented the author takes pleasure in acknowledging the assistance 

of Messrs. P. E. Hosegood, S. Thomson and G. F. Gray m the 

development of the oscillator and of Messrs. R. H. Forney and 

R. H. Marvin in the experimental studies. 
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Discussion on Electrical Porcelain/’ (Creighton), 

New York, February 19, 1915. ■ 

A. O. Austin: The oldest impact method used in testing 
insulators is probably that of suddenly throwing in the switch 
on the primary of the testing transformer. This is rather un¬ 
certain, but usually results in a rather severe surge or suddenly 
impressed voltage on the insulator, and will puncture material 
which can not be weeded out where the voltage is held on con¬ 
tinuously, even at the point of flash-over. 

Where the voltage rises very suddenly, there is not time for 
the shunting corona or streamers on the insulator to build up, 
consequently, insulators of very poor design are likely to have 
very severe stress thrown upon them before they will arc to 
flash over, and limit the voltage. 

This method was used quite extensively in 1904 and 1905, 
but it was later found that the same results could be obtained 
by running the alternator on a weak field, so that the arc would 
snuff out when an insulator or part spilled. When a part arced 
over, surges were set up, and it was comparatively easy to 
make these tests so severe that material which would show no 
apparent weakness at normal frequency could be practically 
all eliminated on this test. 

It was not uncommon several years ago to see 50 per cent of 
the material fail under this condition of test, although the ma¬ 
terial had previously passed a long time test just below flash-over 
at normal frequency. The capacity and reactance of the test 
pans and leads, together with the poor regulation in the alterna¬ 
tor, are all that is necessary to make this a very effective test. 
The flash-over of the insulators produces considerable noise, 
and unless the room is well ventilated, the ozone and other 
compounds formed make it very difficult for one to breathe. 

This method of testing has been in constant use since the 
latter part of 1905, and I believe is one of the best high-fre¬ 
quency or impact methods for commercial work. 

A slight variation of this method was put into use in 1909. 
This method consisted of placing a gap in series with the several 
parts, and was developed to test assembled suspension insulators. 
The gap was placed in series in order to detect an insulator 
which failed inside the cap, but it was soon found that if the 
gap was eliminated or was too small, the severity of the test 
was very much reduced, particularly where one insulator was 
tested at a time. 

The series gap cuts out part of the wave, giving the corona 
or streamers less time to build up, which permits of a higher 
stress being thrown on the insulator. There is, also, an oscilla¬ 
tion set up by the sudden spilling. This method is somewhat 
similar to that described in a paper by Thomas and Imlay, but, 
of course, is very much milder, being applied to routine work. 
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Where this method was used, pieces were tested in lots of 
from one to seventy. It was found to be better practise, how¬ 
ever, to test only one piece at a time, as pieces have to be ob¬ 
served very carefully on this test, for the high-frequency dis¬ 
charge will not usually continue through the same path, the 
damaged pieces easily escaping notice unless the^ particular 
piece is under careful observation at the time. Fig. 1 shows 
insulators which have been punctured in the flange by this 
method, and Fig. 2 shows a large number of insulators under 
test at one time, using this method. 

There is a great similarity between these failures (Fig. 2) 
and those obtained in service, some examples of which are shown 
in Fig. 3. 

There is no doubt as to the effectiveness of these tests, and 
they have the advantage that they are quite reliable under 
ordinary conditions. They have the disadvantage, however, 
that the frequency may vary greatly, and unless the appara¬ 
tus is well protected, there is danger of a breakdown. 

The oscillatory transformer will give considerable data as 
regards the frequency of many faults developed in service, but 
where the apparatus is used for commercial testing, it is im¬ 
portant that it be well designed, otherwise, the results may be 
uncertain. The work of Professor Creighton along this line 
should make this piece of apparatus particularly valuable for 
commercial testing, either at the factory or in the field. 

To make a piece of apparatus of this kind effective for com¬ 
mercial testing requires much careful work, and Professor 
Creighton certainly deserves much credit for perfecting the 
oscillatory transformer, for testing purposes. The light weight 
of this piece of apparatus, and its low cost compared to the usual 
high-voltage testing sets, make it available for a large class of 
work. 

In discussing high-frequency methods, it is well to keep in 
mind some of the theoretical considerations adopted in insula¬ 
tor practise. 

In Fig. 4 are shown two insulator parts tested in multiple at 
normal frequency. The larger part, having a surface distance of 
19J in. and a striking distance of 14 in., has a flash-over of 75 kv. 
at 60 cycles; the smaller shell or part, having a surface distance 
. of 9| in. and a striking distance of only 61 in., has a flash-over 
of 80 kv. under the same conditions. 

It will be seen that at normal frequency it is. possible to test 
the smalHnsulator to a higher voltage than the larger one, and 
if tested in multiple, and at normal frequency, the larger part 
will always flash over first. 

If the two parts are connected in multiple, and a gap in series, 
it will be found that the small insulator will often flash over 
first. This will indicate that the small protecting air path of 
61 in. will break down before the 14-in. air path on the larger 
insulator, and hence the danger of the smaller insulator failing 
in service is much less. 
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If, in place of using a surge having a very steep wavefront, 
the frequency is increased gradually, starting at 60 cycles, it 
will be found that the flash-over of the larger insulator will be 
lowered much more rapidly than the smaller one as the fre¬ 
quency increases. 

This is not surprising if we consider the nature of the per¬ 
formance, for the low flash-over of the larger insulator is due to 
the static streamers building up over the surface, which shunt 
much, of the surface, as these streamers are in the nature of a 
conductor of high resistance. As the frequency increases, the 
current in these streamers is increased and the shunting action 
greatly increased, thereby lowering the flash-over. 

If the frequency reaches an exceedingly high value, it is pos¬ 
sible that the small streamers will not have time to build up 
before there is a reversal of stress, and a point will be reached 
where an increase in frequency will tend to increase the flash- 
over value of the part. 

In practise we usually have surges of the highest frequency 
in the case of lightning, and those of a comparatively low fre¬ 
quency due to arcing grounds, with very few disturbances of 
the intermediate frequency. 

If impact tests are applied to an insulator having the charac¬ 
teristic of the larger insulator shown in Fig. 4, good material 
may be destroyed. In case of the smaller insulator, however, 
it would be much more difficult to destroy good material, for 
not only does the smaller insulator have lower maximum stresses 
but the short protecting air path operates to save the insulator. 

In service an arcing ground, while producing a surge of much 
higher magnitude than the operating voltage, tends to lower 
the flash-over voltage compared to that at normal frequency 
on insulators having the characteristics of the larger one shown 
in Fig. 4. 

On the other hand, their effect is very slight in lowering the 
flash-over voltage in the case of the smaller insulator. A test 
frequency of several thousand cycles, while making little differ¬ 
ence in the case of the smaller insulator, would so lower the 
flash-over of the larger insulator that the test would be very mild. 

In the case of lightning, either insulator would probably 
not be large enough, to prevent spilling, but whereas the larger 
one with the 14-in. protecting air path might fail, the small 
one would probably pass undamaged. 

If insulators made up of parts similar to the smaller one shown 
in Fig. 4 are used, much trouble experienced on transmission 
lines is eliminated, even where they replace insulators having 
a higher flash-over at normal frequency. 

If we make tests on insulators of this type under sudden im¬ 
pact, we are likely to assume that much trouble will be encountered 
in practise, as these insulators will spill much more more readily 
than insulators having the characteristics of the larger one 
shown in Fig. 4. 
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If we will consider, however, that lightning or switching is 
practically the only disturbance that produces a severe impact 
in service, and that increasing the striking distance of the in¬ 
sulator 50 or 100 per cent will hardly prevent spill-overs, it will 
be seen that we have little to fear from this source. If in addi¬ 
tion to this, we take into consideration that the smaller type 
of insulator will not spill as readily as the larger one under the 
frequency produced by an arcing ground, it is readily seen 
that no trouble need be experienced from the small insulator 
spilling, owing to its short striking distance and small dielec¬ 
tric spark lag. 

Much time and expense has been spent in the last three or 
four years in obtaining a short air path, so as to cut down the 
dielectric spark lag for the protection of the insulator, and an 
examination of insulators on a good many lines shows that there 
is probably ample strength in the better types of insulators. 

In Fig. 5 are shown two pin type insulators being tested in 
multiple. These insulators are under the normal stress of 60 
cycles, as well as high-frequency disturbances. The insulator 
shown on the right has a striking distance about 20 percent 
greater than the insulator on the left, and at normal frequency 
has a lower flash-over value. 

Under impact, or a wave with very steep front, the insu¬ 
lator on the left will flash first. The very fine streamers are 
produced by the high frequency and the large bright streamers 
are . probably high-frequency discharges which have been 
combined with the normal frequency, or constitute the heavy 
rush of current when the capacity of the apparatus first dis¬ 
charges. 

In operation, the insulator on the right would flash over much 
more readily with an arcing ground on the system than the one 
on the left, but owing to its greater striking distance, and dielec¬ 
tric spark lag, a much higher voltage would be piled up before 
it would spill if struck by lightning. 

Even if the insulator had the same dielectric strength as the 
one on the left, the increase in stress of 10 or 20 per cent would 
increase the probability of failure a great many times. It will 
be noted in this illustration that the streamers have a strong 
tendency to follow the surface, particularly in the case of the 
insulator shown on the right. 

In Fig. 6 is shown a suspension disk tested under conditions 
described in the second method. ' It will be noticed that many 
of the streamers follow every irregularity in the surface, similar 
to those obtained with'^the oscillating transformer. 

If the oschlating transformer can be used to produce con¬ 
ditions of this kind with the wide variation and capacity pro¬ 
duced by the varying types and quantities of insulators, it will 
indeed prove a valuable means of testing, for there is no doubt 
as to the effectiveness of the conditions under which this insula¬ 
tor is tested. 
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In 1909 a lot of over 15,000 insulators was tested in this man¬ 
ner for one minute and later tested to between 50 and 60 kv. 
for fifteen minutes. In all this quantity only one insulator 
was recorded as broken down on the 15-minute test, and there 
was some doubt as to whether this insulator had not been re¬ 
moved on the previous test. 

On the basis of this record, the long-time test was abolished 
in favor of a short-time test at a higher voltage, for the high- 
voltage test removed approximately 5 per cent of the material, 
and the 60-kv. test less than one fourth of one per cent when 
applied first. 

It is not advisable to use tests of too high a magnitude on a 
single part, for this will result in designs which work the material 
under test conditions so mild that many pieces having serious 
defects may find their way onto a system to cause trouble at 
a later time. No severe design test, however satisfactorily 
made, on a few insulators only, can insure good operation on a 
large system if there is even a comparatively small'percentage 
of faulty i,nsulators which are let through on the routine tests. 

There is much information to show that it is not necessary 
to design the parts or even the complete insulators so that they 
will withstand the severest laboratory tests. 

On the other hand, some insulators which show very fine 
results on impact or high-frequency tests have had to be re¬ 
placed for the time-puncture rate, for the quantity was too 
high, causing many interruptions on a large system. 

In any but the poorest insulators, the mechanical stresses 
are far more to be feared than the electrical. It would appear 
that no one test is sufficient, and that factory routine tests will 
include tests at normal frequency, high-frequency or kick tests 
and resistance tests. 

Each test has advantages in eliminating certain classes of 
material; and it is possible to insure maximum reliability with¬ 
out carrying a test to the point where good material is destroyed 
or damaged. 

High-frequency or impact tests tend to eliminate many faulty 
designs, but too much dependence must not be placed in the test 
method, for an insulator may fail for many different reasons 
other than lack of strength to withstand The impact test. 

Crosby Field-Frank:- When a new system of operation or a 
new process is invented or first introduced, we are sometimes 
quite skeptical not only as to whether it is absolutely correct in 
theory, but also how it will act when put into the factory. I had 
the pleasure of using one of the first oscillatory transformers in a 
factory for testing bushings, and must emphasize the ease with 
which the machine operated and the definiteness of the test. 
There never was any doubt when the insulator was punctured. 

The test was absolutely certain. 

I would also like to emphasize Mr. Creighton s remarks about 
the effect of the high-frequency test upon those bushings which 
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had previously passed the 60-cycle test. If I remember cor¬ 
rectly, the percentage of rejections on the high-frequency test 
of those which had previously passed the 60-cycle test amounted 
in some cases to as high as 17 per cent, and in other cases to zero 
per cent, an average somewhat in the neighborhood of 7 per cent. 

J. T. Lawson: In operating our 13,000-volt transniission 
system we experienced trouble from insulator and cable failures, 
and for the last three years we have given considerable thought 
and study to correct them. Relative to this, I call your atten¬ 
tion to the discussion at Detroit by Mr. Osgood, printed in the 
February number of the Institute’s Proceedings.* ^ This discus¬ 
sion covers the work we have been doing. Adding a little more de¬ 
tail to this discussion, I wish to point out that with an increase of 
160 miles of transmission, we have succeeded in two years in 
cutting the number of our service interruptions, due to the fail¬ 
ures of insulators and underground cables, from sixty-five in 
1913, to forty-five in 1914. 

As brought out by Mr. Osgood, we found that our chief cause 
of failure was the insulator, which, when failures occurred, set 
up disturbances which in turn caused a breakdown on the cable 
in our underground system; therefore, to correct our service 
troubles, the place to start was on our line insulators. 

The first year of work was taken up by testing with high 
potentials at 60 cycles, but beyond the fact that the tests proved 
we had bad insulators on the lines, which was already shown by 
service conditions, we were unable to arrive at any means to 
correct our insulator faults by this method. 

Changing our methods, we started testing with the oscillating 
transformer, using samples of insulators taken from our lines. 
In this manner we were able to see at close range, without 
anything to divert our attention, in what respects our insulators 
were weak. In this feature the oscillatory transformer has the 
advantage over all other means of testing. The voltage is under 
complete control, and once set, the insulator can be subjected 
to a certain potential for as long a time as desired with an ease 
that cannot be done with any other method. At the same time, 
the entire surface of the insulator is completely covered and all 
weak spots can be found. 

The methods adopted in conducting these tests were as fol¬ 
lows: Pin type insulators were racked and tested singly, the disk 
type was suspended and tested in pairs. The first 250 insulators 
tested were subjected to spark-over voltage for a period of one 
minute, the voltage being built up gradually from zero to spark- 
over voltage. As all failures of this group occurred within five 
seconds after obtaining maximum voltage, the period was short¬ 
ened to thirty seconds. As the failures in test also occurred 
within the first five seconds, all succeeding insulators were tested 
for only fifteen seconds, the set running continually at spark- 

"■*Trans. a. L E. E., 1914, Vol. XXXIII, Part II, p. 1128. 
Proceedings A. I. E. E., Feb. 1915, p. 308. 
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over voltage, the contacts being changed from insulator to insu¬ 
lator. 

The benefits to be derived from this testing are brought out 
in the results obtained from a new forty-mile transmission line 
recently erected. This line was in service using an older type 
insulator for six months with thirty insulator failures, or more 
than one a week. 

Since re-insulating with insulators tested by the oscillatory 
transformer, we have operated for four months with no failures. 

' A. O. Austin: I would like Prof. Creighton to say a few words 
about the question of dielectric spark lag in flash-over on insu¬ 
lators of different sizes—the question of the ratio of puncture 
strength to the flash-over voltage is on a wrong basis on many of 
the insulators, so far . as operation is concerned. An insulator 
of very large striking distance may have a comparatively low 
flash-over value, and may easily have a ratio of dielectric strength 
as based on oil tests, or any other test, of say, 2 to 1, and yet, 
so far as op'erating conditions go, this insulator may not be nearly 
as good as one having a ratio of 1-2 or 1-3, because the latter 
may have a short striking distance. That is the theory of the 
best operating types of insulators I know of today. It is of con¬ 
siderable economy and means much in the future develop¬ 
ment of the insulator along all lines of reliability under high-ten¬ 
sion conditions or surging conditions. 

P. W. Sothman: I do not believe that the high-frequency test 
will permit us to do away with all others in the testing 
of electrical porcelain. It will show us a certain number of 
failures, which would be discovered by the time-tests if they were 
continued for a sufficient length of time. It will show us a condi¬ 
tion which may slip through some of the other tests. But there 
is a somewhat different point of view in the consideration of 
the insulator, and that is, we are trying to get a commercial piece 
of apparatus; and we have not been able yet to determine 
how electrical porcelain should be tested—should it with¬ 
stand at the thickness of 1 mm. so many volts, or should it 
withstand a mechanical strain of so many pounds, applied in 
a certain form? If we take all our other electrical material, 
we find that it is pretty well standardized. You may say, we 
know that a piece of insulating cloth of a certain thickness 
should withstand a certain voltage and temperature. 

Now, what are we doing with all our tests on insulatop? 
They are absolutely arbitrary. We take the insulator and punish 
it until it is destroyed; and then we say it is good, or it 
is not good, just as we feel. But as long as we have no way 
to measure our static correctly, as long as we have to conduct our 
tests on phenomena which we do not master absolutely, that long 
we must take tests into account which will cover the whole elec¬ 
trical test; and not go on and say “ I am making a high-frequency 
test, with the time duration specified, because I know it will 
either destroy or not destroy the insulator.*’ 
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It has been shown that there are many insulators which 
hardly can be destroyed with high frequency, and still in 
operation they show up wonderfully. Where is the measure¬ 
ment? What may we expect from an insulator which is to be 
operated at 30,000 volts, and what should we ask the manufac¬ 
turers to deliver? Is not the high-frequency test as we administer 
it far too severe? If it is too severe, I think the curve shown 
in Fig. 85, of Mr. Creighton’s paper, shows us very well that 
there is a point at which we must stop; and I think that it is now 
up to us to find out where that point is. 

In curves Figs, 19 and 20, I think Mr. Creighton shows us 
what we have talked over for a good many years, the variety 
which still exists in the electrical quality of porcelain. We 
are shown that porcelain will fail at a certain thickness under 
conditions for which even the manufacturer himself cannot find 
any reason. It was the same clay, it was the same feldspar, 
the same temperature and the same time process. Everything 
was the same. That is the point at which I think the opera¬ 
ting engineer, especially, should work hand in hand with the 
manufacturer, to come to a real practical conclusion. 

Mr. Austin shows that tests have been made during the 
manufacturing process. Should not far more tests be made 
during the process of manufacture—would not that eliminate 
lots of trouble? Mr. Creighton tells us that in the drying 
process a very high percentage of failures takes place. We may 
not have today ways and means of testing, but I think we 
should try to eliminate all failures before they are assembled 
and before they go far enough into the process of manufacture 
to make the cost of elimination unduly large. 

Shotdd we not adopt the rule that the test of the high-tension 
insulator be made in the unglazed shape? The glazing is such 
that the real dielectric effect is zero, whereas it still has an effect 
on the test. Glazing consists more or less of the metal oxides 
which change the apparent effect to a certain degree. 

A closer termination or relation on the high frequency should 
be adopted. Mr. Creighton stated that between 60,000 and 
300,000 volts is a big gap, whereas between 100,000 and 500,000 
volts there is hardly a noticeable difference. Those are things 
which we should investigate more thoroughly. I would be 
thankful to Mr. Creighton if he would give us some more in¬ 
formation, especially some reason why, on the lower frequency, 
this great difference is apparent. 

On seeing the insulators which have failed on lines under actual 
operating conditions and comparing them with insulators fail¬ 
ing under test conditions we notice a big^ difference. We 
find that the test conditions, as adopted now nearly uniformly, 
are not by any means the operating conditions. Many punc¬ 
tures in the high-frequency test have occurred on the outskirts 
of the umbrella, whereas in the ordinary way the insulators are 
punctured far closer to the center of the pin, or to the center of 
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the wire. Mr. Austin made the remark that this form of punc¬ 
ture was due to the pin and wire, showing that these conditions 
certainly have a peculiar effect on the actual failure of the insu¬ 
lator. 

I agree with Mr. Austin and Mr. Lawson, about the relation¬ 
ship between the flash-over and the puncture. That relationship 
must be very, very carefully considered. I am not absolutely 
convinced that such a relation of 1 to 2, between puncture and 
flash-over, is always the correct one. It may be correct under 
certain conditions. 

Farley Osgood: We are quite happy with the results we are 
getting in New Jersey, but in justice to the insulator situation 
as a whole we would ask you not to forget that we are working 
with 13,000 volts normal. Our problems, to my mind, are prob¬ 
ably quite different from the problems of those men who are 
operating at really high voltages. It occurs to me that while 
perhaps a 2 to 1 ratio is right for uS, and our results seem to 
indicate that, yet, as Mr. Lawson said, we may be below the 
plane in all of our experimental work, about which Mr. Austin 
has been talking. In other words, our problem may be in an 
entirely different class. Therefore in our 13,000-volt work, 
while our methods have brought us the most satisfactory results, 
I do not think they can be used to determine the whole insulator 
problem. We do not want to lead anybody astray. We are 
simply giving our experiences with our own voltage. 

L. L. Israel: For the last few months we have been engaged 
in the Navy Yard in Brooklyn in testing insulators for wireless 
work, and in these tests we found that the question of dielectric 
hysteresis in the material was of prime importance, that questions 
of accidental flaws were of secondary importance. In testing 
insulators for this purpose, we used as one of our means the 
method described by Mr. Creighton. In using that method 
with some variations in circuit arrangement, we found that the 
time of application, frequency of oscillations, the damping of 
wave trains and the spark discharge frequency are of prime im¬ 
portance in determining puncture value referred to sphere gap 
settings. In our work, however, we used wave trains which 
were probably much less damped than those obtained by Mr. 
Creighton. The breakdowns in most all cases were directly 
or indirectly due to the heating of the insulators, which heating 
depends upon all the factors enumerated above. 

This leads me to state that it does not seem as though the 
tests developed by Mr. Creighton are very definite or conclusive, 
because in varying the frequency of oscillations as he probably 
did, he also probably varied the damping. We have found 
that higher frequency and lower damping may so neutralize 
their effects as to cause no variation in pimcture value de¬ 
termined by sphere gap. Again, the effective value of the 
voltage applied to different insulators varies with the type 
of insulator that is put to test in the circuit shown by Mr. 
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Creighton, beenuse the seconcinry of his trcinsformer, and. the 
insulator to be tested with its variable capacity and resistance, 
form an oscillatory circuit of variable frequency. 

The effective value of applied voltage would vary considerably 
for different tests, depending on the ratio of frequency in this 
circuit to that in the exciting circuit. The effective value of 
applied voltage is also dependent upon the material of the spark 
gap used. A zinc gap would give a higher effective value than 

a copper or silver gap. . . ,, 

Mr. Creighton pointed out that if a blast of mr is blown across 

the gap three discharges take place per alternation. The number 
of discharges that take place per alternation also depends on the 
voltage impressed on the power transformer,^ and on the reson¬ 
ance frequency of the low-frequency circuit. am trying to 
point out some of the many important variables in this method 
of testing which, at first sight, do not seem to have been properly 

taken care of. “ r • 

R. P. Jackson: Two methods have been proposed of obtain¬ 
ing a so-called high-frequency or impact test of porcelain. One 
method consists of a resonating circuit with a spark gap produc¬ 
ing high-frequency oscillations, which are stepped up by means of a 
Tesla coil. The other method consists of charging an air con¬ 
denser to a high voltage and discharging it over the insulator, 
producing an initial impact with successive oscillations. 

Of the two methods, it is quite apparent that the Tesla coil 
scheme is more portable as it involves no high-voltage power 
transformer and the whole equipment can be put on a truck, 
which can be readily moved from place to place and is not so 
dangerous on the high side. On the other hand, any one pos¬ 
sessing high-voltage testing transformers of sufficient voltage 
for his purpose can at a very moderate expense install the air 
condenser and spark gap necessary for the impact test. For 
that reason, it is a much simpler scheme for an operating man 
to install for temporary use in connection with any testing trans¬ 
former or other high-voltage transformer which he may have 
available. 

We have at East Pittsburgh carried out a series of comparative 
tests to determine the respective values of the Tesla coil scheme, 
the high-voltage impact scheme proposed by Mr. Percy Thomas 
and the test under oil at normal frequency, all as compared to the 
ordinary flash-over test at normal frequency. Our experiments 
so far indicate the following results: 

Porcelain apparently punctures at practically the same volt¬ 
age, regardless of the frequency employed. So far as is to be 
determined by spark-gap measurements, groups of porcelain of 
the same design and manufacture will puncture at the same 
voltage at 60 cycles under oil as they did by either of the so-called 
high-frequency methods. The voltage in each case was estimated 
by the sphere gap. There are essential differences, however, in 
the character of the test. When tested under oil, the puncture 
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always occurs along the metallic electrodes and the stress does 
not appear to be spread out over the surface of the insulator. 
Either of the high-frequency methods, on the other hand, spreads 
the test out over all of the vulnerable points of the insulator. 

At normal frequency in the air there is a fairly definite flash- 
over voltage for a given piece of porcelain, and no higher voltage 
can be impressed on such a piece. With either of the high- 
frequency methods, however, a very much higher voltage, in 
fact, an unlimited voltage can apparently be impressed on the 
porcelain. This, of course, is due to the suddenness with which 
the voltage appears, thereby preventing general ionization of the 
air, with constant breakdown of the air, as is the case at normal 
frequency. The virtue then of the high-frequency method con¬ 
sists primarily in the convenience with which a materially higher 
voltage can be impressed on the insulator at the place where 
test is wanted, than can be obtained with the normal frequency 
test in air. 

It seems to be true, however, that reasonably good insulators 
that have passed the 60-cycle test will stand up for a very long 
period on a high-frequency test which does not flash over the 
insulator. In other words, a test which simply produces corona 
over the insulator does not appear to be materially more severe 
than the normal frequency test. It is only when the voltage 
is raised so that a potential value somewhere approaching the 
puncture value of the insulator is applied that the porcelains 
begin to fail. This failure begins by picking out the weaker 
ones, and as either the time of application or the potential ap¬ 
plied is increased, more insulators fail. 

The point just mentioned, that the length of time of application 
has much to do with the number of insulators broken down, 
indicates the most serious limitation of this method of testing. 
There appears to be no definite point in high-frequency testing 
at which we can say that such a group of insulators is bad^ and 
the rest good. A more severe test simply punctures more insu¬ 
lators. By severity, may be meant either long time of applica¬ 
tion or higher potential. This feature of length of time of 
application is a serious one, because it apparently indicates that 
the application of a high-frequency or impact test damages, to a 
certain extent, all the porcelain tested. The extent of this 
damage is, of course, such as to ruin the poorer pieces, and pos¬ 
sibly it does not seriously impair the better pieces, provided 
the test is not continued too long at too high a voltage. For 
this reason, the test should be used rather sparingly, but not 
with the idea that all bad insulators can be weeded out and all 
the good ones left intact. Apparently the high-frequency 
methods of testing will, however, eliminate the very poorest mate¬ 
rial that has passed the 60-cycle flash-over test without very seri¬ 
ously damaging the better pieces, provided the test is not con¬ 
tinued for more than a very short period. Just how long this 
period should be, is difficult to determine, and probably varies 
somewhat with the shape and size of the porcelain piece. 
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Our tests at East Pittsburgh do not indicate that it would be 
desirable to standardize either the Tesla coil test ^ 

Mr Creighton, or the impact test proposed by Mr. Ihomas, at 
the' expense of the other. There does not appear to be any 
material difference between them as to seventy PF°P‘ 

erly handled. Either method, if so operated as to maintain a 
continuous stream of sparks over the insulator, 
porcelain, where sparks continue m one place. 
will materially damage the porcelain if continued too ^ 
high a voltage, and either method will search out weak spots 
throughout the area of the porcelain, because the sparks hug 
closely to the surface of the porcelain and tend to coyer in succes¬ 
sion the entire surface, whereas the 60-cycle test is limited 
voltage to the flash-over point of the insulators,and the flash-over 
spark follows an air path over the edges of the petticoats, rather 

than over the surface of the porcelain. .... 

We believe the test can be used to advantage m judging pieces 
of different manufacture as well as different designs of porcelain 
and we are inclined to believe that it can be used sparingly as a 
commercial test on material that will afterwards be subject to 
lightning. We do not believe, however, that the time is npe 
for standardizing either method, but that the matter should e 
left at the present time with a siinple statement that either scherne 
affords a searching test which will pick out the weaker porcelain 
with some slight damage to the remaining pieces. We shoWd 
rely upon the accumulated experience of several years service 

by insulators tested by these methods, rather than upon any im¬ 
mediate experience with the test. It will be desirable to co - 
tinue tests by these methods, as undoubtedly they constitute a 
distinct advance in the determination of the quality of electrical 

^ I was recently endeavoring to formulate ^ 
porcelain, and it became an important and a difficult thing to 
determine how much of this high frequency weshoidd apply, 
lust as soon as we begin to weed out porcelain that has passed 
the 60-cycle test, the cost of which ys based on the previous 
losses the porcelain factories have sustained, the questioii of price 
comes in. If we are going to increase their losses, they will 
have to charge more for it. Just how niuch are we willmg to 
sacrifice in increasing the price of porcelain by weeding out e 
poorer ware, when there is no definite point, which we are sure of, 
when we can say, “ this ought to be weeded out ? We do not 

want to go too far or too fast. ^ 

There are some later experiments which we have earned out 

that are of interest. We tried an impact test, employing a ig 
voltage condenser, discharging upon the porcelain, but develop¬ 
ing the voltage by putting direct current through the low-tension 
side of the test transformer so that we ^ would get one rise oi 
voltage and one discharge from the insulator. The direct 
current was broken in small steps by inserting resistances so 
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there would be no indeterminate surging in the broken circuit. 
It was arranged so that the direct current reversed through the 
transformer each time, to take up the residual flux that might 
be latent in the transformer. We got a severe test similar to Mr. 
Thomas’s impact test, which he described a couple of years ago, 
except that it was with a definite number of impacts wmca 
could be counted. We arranged to get one a second. 
test proved as severe as the ordinary alternating-current test, 

but no heating took place. ^ ^ 

This test was then arranged with the impact always in tne 

same direction by cutting out the reversal of voltage, but stili 
killing the residual flux in the transformer, so we would get the 
same voltage. If the pin of the insulator were negative, and the 
voltage brought up to a certain point, the insulator wouM flash 
over 95 per cent of the times the voltage was applied; while it 
the pin of the insulator were positive, it would only ^^sh over 
about five per cent of the time. In other words, with the pin 
negative, the tendency of the insulator to flash around the petti¬ 
coats is materially increased over that with the pin positwe. 
The fact that the pin was negative, even if it was the grounded 
end of the circuit, made it flash over. That is analogot^ to the 
well-known condition of the pin and a plate. If a high direct- 
current voltage is applied to a pin and a plate, the spark will 
pass much more readily if the pin or needle is negative. 

Another curious thing which we have not entirely verified, but 
which appears to be true, is that if stress is applied in^the same 
direction repeatedly by the method just described, the insulators 
seem to be able to sustain a great many impacts without suffer¬ 
ing. As soon as we change the connections and begin to reverse the 
impact, first one way and then the other/the insulator fails quickly. 

That is the effect we get on any of the higher frequency methods. 

That leads to the conception that there is apparently some 
residual molecular stress that lasts an appreciable time af1^r 
the main stress is applied. Owing to a similar stress in the 
same direction a few seconds later the torque or the resist¬ 
ant power is already braced to'receive it, and the insulator stands. 
If we apply the test so it reverses the molecular stress the 

insulator fails 

P. W. Sothman: We should by all means- agree on one point, 
and that is, when our actual operating voltage is 30,000 volts, 
as Mr. Austin has on his line, that the line conditions are closer 
to 20,0000 than to 30,000. We know that we can build some¬ 
thing which will stand 30,000 volts, but should not the insulator 
withstand 20,000 volts with the same safety that it would with¬ 
stand the 30,000? Should not the test voltage and the test 
specified be based upon the actual line conditions? and not on 
the assumption that we are running at 30,000 volts, because 
they actually do not run at 30,000 volts. That is only the 
apparent voltage, otherwise we could not have the failures 
that we find today. 
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Farley Osgood: I think perhaps I did not 
the point in the manner I wished. Because of the fa,ct that 
our operating voltage is 13,000. and that PO’rcdai^ 
therefore, quite small, I feel we may get surges which are greater, 

proportionally to our normal 

have a good deal of cable in connection with our hnes, than 
is the case when you are considering the laying out of systems 
io be operated at 60,000 to 100,000 volts. I think our dis- 

turbancL are out of propor^tion to ^e size of 

cjc /^omnared to the high voltages. Therefore, I make the pre 

cautionary statement that this problem 

not be determined on the requirements of our low vdtage. 
We do not want to mislead any one, but mention what we 

are doing as a matter of progress. malter 

WilUam H. Jacobi: I want to say a few ^“^ds on this mg;ter 

of porcelain insulators from the point of view 
and manufacturer who through their experience, are necessanly 
the ultimate to render a verdict on the usefulness and - 

tions of porcelain such as we electrical engineers want for our 
purposes. When we are called upon to get up purchaang 

specifications for insulators, we Little 

be thus and so, shall stand this and that other test, 
do we concern ourselves as to what means or processes the pro 
ducer has to resort to, to obtain the goods we demand, and 
then at a low price, because of the competition of the other 
fellow who tells us that through his “ patented processes 
“ most modem equipment ” etc., he can give us all we ■ 

We all know of the relation that the internal resistance of 

materials bears to externally applied ^Lile 

source, mechanical, thermal or electrical and 1 

porcelain is of different nature from most other materials which 

Lve been made use of in engineering 

free from being subject to the effects and laws governing other 
materials which undergo similar manuiactunng processe^. dhe 
axiom that the internal resistance of materials shall at least 
overcome the externally applied forces, needs no P^oof- Ibat 
the internal resistance of any material depends upon its Physical 
structure, and in turn its physical structure depends not only 
on the composing ingredients but largely on the methods adopted 
for treating these ingredients is nothing pew. Yet, to the 
observing eye it would seem that the field of research in the 
matter of electrical porcelain has been one-sided. _ Many man¬ 
ufacturers have gone far and wide in the art of blending in¬ 
gredients, believing that therein lay the secret of producing 
porcelain of the qualities required for electrical purposes. Wh 
no doubt the ingredients required play a very iinportant part 
in the makeup of the SMsh^d composite material^^ 
of porcelain, with a proper design and skilled fixing, the matter 

of proportions of ingredients may be assumed as being goverMd 
largely by economical considerations in manufacturing. 
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have heard very little in the way of proportions and shapes 
and thermo-mechanical effects to form a measure of judgnient 
on the merits of porcelain insulators, particularly for high- 
tension power transmission service, and I desire to emphasize 
two points in this connection. One is the shape and propor¬ 
tions to be given the mass of porcelain material, so that when 
it has undergone a given firing process it shall be free of internal 
stresses. The other is the dimensional proportions to be given 
the insulator to resist the required values of flash-over and 


puncturing voltages. i • -u 

I had the opportunity, some months ago, of observing the 

insulators for a certain transmission line, before and after service. 
It was quite singular to note that the greater number of frac¬ 
tures were vevy much alike in extent and location, both before 
and after service. Close examination of the broken surface 
revealed that some portions exhibited a glassy appearance 
while other portions were dull, and^that this condition was more 
or less uniform. My explanation in this case is that the glassy 
portions, whicii were visibly thinner, reached the vitrifying stage 
before the portions that were dull, thereby changing the physical 
structure between these portions and setting up stresses of sue 
magnitude as to require relatively little effort, whether me¬ 
chanical, thermal or electrical, to cause breakage. 

The idea of initial internal stresses in porcelain, particular y 
in view of tlie experience just mentioned, led me to 
into their canse and remedy. Naturally any material which 
is free from internal stresses, when used, will place at our com¬ 
mand not only its entire store of internal resistance to react 

on externally applied forces, but,_m the case of 
possess in its texture other desirable qualitaes ^^r electneal 
purposes. My conclusion is that porcelain, not unlie oth 
materials undergoing similar processes in their mamdacture is 
subiect to the same laws observed in casting metals. To 
illustrate: if we take a cast iron disk of 

malleabilize it, and break it in halves, the cross-section w 
exhibit two distinct areas. One is of 

.grades down from the surface, fading away ’ 

We can now appreciate that, due to the ^reate J 

exnansion and contraction in this outer portion, stresses oi 
^ * rr Ac^erff^p^ a TP urcsent in the section which decrease or 
varying .^^/^f.^J^^lP^^gtance of the material. The problem 

T of SSal of this oharacto free of B- 

stresfes. Mil be solved by merely 
of that portion of varying texture, and by utilizing that po 
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tion of uniform texture. In shape this latter part varies accord¬ 
ing to the geometric proportions of the mass; the theory on 
this noint is that it is subject to the law of the parabola, other¬ 
wise commonly known as the law of the squares.^ _ 

The basic shape of disks such as are used for insidators 
should therefore be a fiat paraboloid, and theoretically this is 
the shape that should be given to edges of metal castings; how 
ever, the ductility in metals makes it unnecessary to give 
castings these more difficult curves and smtable radii are satis¬ 
factory enough. In the case of porcelain, which is devoid of 
ductility, it would seem that that law should be adhered to, 
and I believe that the paraboloid shape should be made _to 
constitute a point of judgment on the merits of design of in- 

su-ls^ijors 

Arbitrarily selected radii as are found in the outline of most 
insulators may contain portions of the va^rying texture area 
just referred to and thereby introduce chances of creating 

undesirable initial internal stresses. ^ 

From the foregoing considerations beanng on the internal 
stresses set in the mass of insulators by iinproper design, it is 
very gratifying to observe that the multi-petticoat disks of earlier 
designs are giving way to smooth disks of the more ^ogic^l forms; 
as an example, the insulators developed for the Chi 
ploration Company, recently described m the Electncal World 

by Mr. P. H. Thomas, may be cited. ^ i i , j. • 

We have at some time or other been informed that certain 
insulators which have given satisfactory service on 66 kv. have 
failed when put on 44-kv. service. After the admirable re¬ 
search carried through by some of our colleagues, we inay find 
a number of satisfactory explanations and blame local condi¬ 
tions, wave shape, altitude, etc. These explanations, as goo 
as they are, do not tell us how to guard against such failure. 
In this connection I call your attention to the second 
desired to emphasize, viz., the dimensional proportions to be 

given an insulator for a particular service. ^ , 

In so far as the present stage of the art is concerned, and 
assuming that we have mastered the science of shaping in¬ 
sulators to render them free of internal stresses, a given mass 
of porcelain material can be so dimensioned, other things being 
equal, that for a constant and definite flash-over voltage, it 
may be made to assume a variable resistance against puncture, 
the maximum value of which is that^of flash-overConversely, 
the same mass of porcelain material can be dimensioned to 
offer resistance against puncture by _a voltage of constant and 
definite value and, within certain limits, be made to offer a 
variable resistance to flash-over voltage, the minimum value 

of which is that of the puncture voltage. 

In view of these facts, I feel that we ought to have a com¬ 
mon measure by which to judge the merits of flash-over and 
puncturing voltage ratios applying to porcelain insulators. 
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By construction, pin insulators possess high resistance to punc¬ 
ture and a low resistance to flash-over, a condition regarded as 
desirable nowadays— yet, I have seen pin insulators which, 
having failed by puncture, did not give ^ evidence of surface 
spill. Probably mechanical defects of the internal stress order, 
or the presence of carbonized organic matter,^ or other causes 
were responsible for the damage. This train of assumptions 
does not satisfy the mind athirst for knowledge. In the case 
of suspension insulators, on account of the intermetallic lirmage 
we are not prepared to say anything final and definite, borne 
of us are in position to arrive at some logical conclusions tha 
may constitute points of judgment on insulators, or rely on 
results and content ourselves by saying that because a certain 
insulator has not given trouble, that is “the insiuator. 

I can conceive characteristic curves bearing on the proper 
proportions^^ for insulators, like Fig. 7. 



Fig. 7 


I can further conceive a similar set of curves giving higher 
or lower values applying to high and low altitudes; also to 
high and'low frequencies, and probably bearing reference to 
the effects of wave shapes. The task involved in obtaining 
these data, evolved in such channels of experience and judg¬ 
ment as to make them worthy of becoming a standard measure 
of the merits of porcelain insulators, is necessarily vast. Prob¬ 
ably no one of us could gather in his lifetime all that knowledge, 
but we engineers fond of standards to measure our accomplish¬ 
ments and limitations must have such^ a standard. 

Progressive manufacturers of electrical porcelain realizing 
the import attached to their product, are carrying on exhaustive 
research and testing along the lines indicated, ^and in justice 
to ourselves we must cooperate with them to get the missing 

link. 

Julian Cleveland Smith: The discussion this afternoon has 
rather drifted away somewhat from the point I thought it 
might hinge upon, and these figures which I will give you are 
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not very apropos of anything that has been discussed the 
latter part of the afternoon. During the last two years we 
have carried out a series of tests on one of our high-tension 
lines involving about 50,000 disk type insulators. These are 
of an old design now, a design which has been materially irn- 
proved, and tests on the new designs show the performance is 
very much better than on the first design. It is quite in¬ 
teresting, however, to see how the losses shown by these tests are 
distributed. The line has been in operation for about three 
years; there are 48,000 units covered by these tests, of which 
37,800 are suspension units and 9000 are strain units. There 
are about 10,800 of the suspension units under the heading of 
end units, which includes both ends of the string, and 2400 of 
the strain units, making the total number of end units 13,200. 

The total number of failures in all of this number of units 
during the operation of the line up to last fall was 2.58 per cent. 
The failure of the suspension units alone was 2.47 per cent. 
The failure of the strain units was 2.79 per cent, that is, a very 
slight increase. The failure of the end units was 3.39. Dividing 
these end units between suspension and strain units, the sus¬ 
pension units show a slightly less number of failures, the failures 
being 3.25 per cent, while the failures on the two ends of the 
strain unit were 3.69 per cent. Dividing the end units between 
the ground ends and the line ends, the ground ends show a total 
failure of 3.15 per cent and the line ends show a total failure of 
3.63 per cent. In other words, the line ends show a greater 
number of failures than ground ends. Dividing up these 
units again between the ground end suspension units and the 
ground end of the strain units, we find that 3.29 per cent of the 
ground end suspension units failed, while in the case of ground 
end strain units there were only 2.83 per cent which failed. The 
line end suspension units failed to the extent of 3.22 per cent, 
while the heaviest failure of all was in the line end of the strain 
units, amounting to 4.56 per cent. 

The other units, exclusive of the ends, were 2.27 per cent, and 
dividing these again, the suspension units showed 2.16 per cent, 

and the strain units 2.49 per cent. 

The net results of these figures seem to indicate, so far as our 
type of construction is concerned, that , there is a slightly 
increased percentage of loss in the strain units. It also indi¬ 
cates that of the units which failed the end units are more apt 
to fail than the intermediate ones, and there is a slightly 
increased tendency to fail on the line end. The work was 
done in two successive years, and I have not divided it up at 
all, and it indicates this—^that there was a considerably^ greater 
number of failures found during the first year, as against the 
second year, which shows that, while there was an apparent 
constant further development of failures, the first test located a 
■ considerable number of these faults, which no doubt existed 
at the time the line was put up. 
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It has also developed in these tests that a very high per¬ 
centage of these failures is due to what may be termed me¬ 
chanical troubles, that is, cleavage planes in the porcelain, and 
defects which are so evident that the men making the tests 
can by simply looking at the insulators determine how the 
insulators fail. 

The various methods of test, so far as our own work is con¬ 
cerned, do not seem to have developed any great benefit from 
the high-frequency tests. We have an apparatus similar to 
that described by Prof. Creighton, but as applied to these 
particular units there does not seem to be any more likelihood 
of failure with high frequency than with low frequency. 

We reproduced in our laboratory typical failures that existed 
in the line as regards the mechanical failures of these particular 
units. The mechanical failures, due to thermal stress, cleavage 
planes, or moisture, or some cause of that sort, are much more 
difficult to reproduce, except those due to temperature. By 
taking any of these earlier designs of units and carrying them up 
through a number of successive cycles of varying temperature, 
say varying from room temperature up to 150 deg. cent., you can 
cause almost any of the earlier designs of units to fail, and the 
failure is equal, and always takes place in about the same plane 
and has every appearance of being due to the expansion of the 
cap. 

The tendency on the part of designers has been to produce 
a porcelain heavier, thicker at the top, less points of attach¬ 
ment to the metal parts of insulators, and the result has been a 
very material improvement. We made some tests on the newer 
type, and I may say, so far as the thermal tests are concerned, 
we find that the new type insulators are practically immune from 
any ordinary thermal failures, that is, you have to carry the 
temperature so high, and over a considerable number of cycles, 
that the failures due to this cause in ordinary operation would 

probably be very small indeed. ^ i r -i 

One other point of some interest is this that the failures, 
50 per cent of them, caused by the so-called mechanical trouble^ 
were those things that probably occurred in the factory, and 
were not deemed essential to the design of the insulator, and 
are pretty well scattered all over the lot. You could not say 
that they are located in any one particular place. On t e 
other hand, the other fifty per cent, due to high frequency, or 
high voltage, or a combination of these two, are so located that 
it would be hard to explain them, by any probability law. They 
are in the zones of lightning disturbance, and occur in 
places where the disturbances are known as taking place, tnat 
is, they are bunched together, and there will be long stretches 
of line, twenty miles or so, in which there is a very smaffinum¬ 
ber of failures, and then will come a few miles in which there is 

a large number of failures. ^ . ,. . 

I want to close this discussion by simply saying that, con- 
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sidering everything, the number of failures is very small, indeed, 
especially when we remember this particular line has been ^in 
operation for over three years and that no whole string of in¬ 
sulators has failed, that there has been no failure, in other 
words, due to the breakdown of the insulation caused by 
flash-over of an entire group. It may be considered that the 
fact that we have picked out by tests such a small number as only 
2.5 per cent, is a rather good record, and particularly so when 
you consider this is one of the earlier designs of insulators. 

Harris J. Ryan (by letter): We are much indebted to Pro¬ 
fessor Creighton for placing before us the essentials of the art 
of high-voltage porcelain production and for his efforts to es¬ 
tablish a standard high-voltage porcelain test. 

Plenty of energy, though not too much, must be applied to 
the porcelain insulator at high voltage to locate and develop 
electrical faults. Otherwise, as with the megger test, only a 
limited class of faults can be located. For standard test pur¬ 
poses the energy applied to the fault so as to produce failure at 
60 cycles, sustained sine wave voltage, is too little, while at 
200,000 cycles or 3333 times 60 cycles, sustained sine wave 
voltage, the energy is correspondingly too great. The failure 
and conduction of the air, or the conduction of the gas when oil- 
immersed, in touch with the porcelain at the fault or the region 
to be ruptured, is largely the means for applying the energy 
which starts the localizjation of the fault or that sets up therm¬ 
ionic conduction and puncture. The power factor of^ a 
capacity charging current when passing a zone of conducting 
air in a particular case at 60 cycles was found to be about four 
times what it was correspondingly at 180,000 cycles. Since 
the value of the high-frequency current was^ 3000 times the 
value of the 60-cycle current, the energy used in conveying the 
180,000-cycle current across the conducting zone of air was about 
750 times the energy required correspondingly at 60 cycles. The 
Creighton oscillator applies to the test specimen normally 120 
high-voltage damped wave trains per second. The life of each 
train is short compared with the interval between succeeding 
trains in which no energy is applied. Herein there is a great 
advantage for a standard test. The power applied is high during 
the damped high frequency voltage impulses. Thermionic con¬ 
duction is started at the fault; it is started also at other points 
where the porcelain is sound. The action is greater at the fault 
than elsewhere. The interval of rest between wave trains is 
sufficient for ionization and heating to disappear at all points 
established, except at the fault or at points between which punc¬ 
ture must occur. Succeeding wave trains, while continuing to 
pour energy into the fault, do not pour it in upon the forrner 
routes of conduction to the sound porcelain. Such routes being 
acquired by accident are not, in general, reestablished. Herein 
is essentially the difference between the oscillator and the 
sustained high-frequency tests. In the sustained high-frequency 
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test the slightest overstress of the atmosphere adjacent to 
sound porcelain will result in the formation of a con uc mg 

air channel that will be sustained. -r+v,, f^r- 

It appears that our electrical knowledge and facilities for 
high-voltage porcelain insulator production and use are now mr 
in advance of'our mechanical knowledge and expediency. Un 
the mechanical side of the art very little has been done. On 
the surface it would seem that important_thmgs to know are. 
How long should units made up of porcelain, iron and cemen , 
be allowed to age after having passed the regdar factory tesfe 
What physical treatment should they be given in the aging 
interval? What tests should they be given before being placed 
in service? Deeper down, this question appears; Are pres¬ 
ent designs, from a mechanical-electrical standpoint, the b 

that can be had in regard to aging , crMinH 

Thus by using 20 kv. sustained at 200,000 cycles a soun 

suspension type insulator unit may be °^s- 

endure 90 kv., 60 cycles, producing flash-over, While tfiesus 
tained high-frequency test has little or no value for routine pur¬ 
poses it will doubtless be of great value for determining useful 

facts in regard to new and old designs. „ . , , „ 

The super-spark potential test with the Creighton oscillator 

promises to be of high value. In this test the 
to an intense and highly localized thermionic conduction wh 
brings about puncture by fracture or by fusion and spark blast 
With the aid of this test designs may be possibly produced that 
will exhibit marked improvement in abdity to endure punis 
ment of the sort that is developed by lightning discharges. 

T. S. Lapp: By high-frequency testing we seem to (ieyeiop 
entirely new characteristics of dielectrics. The commercial and 
investigative testing with high frequency with which I am in¬ 
timately acquainted has not been carried far enoug for su ® 
tial conclusions. Results so far seem to indicate that lugh- 
frequency testing will not appreciably increase the cost of in¬ 
sulators. Fifteen years of field experience on pm type insula,tors, 
with support grounded and ungrounded, together with six or 
seven years experience with suspension construction, near y 
always with dead ground at the insulator, seem to be urpng 
the insulator manufacturer toward a safety factor m insulators, 
that roughly coincides with that indicated by high-frequency 

The principal value of high-frequency tests seems to be for 
purpose of design and not a commercial selective test. As a 
commercial selective test, high frequency may, depending on the 
thoroughness of the normal frequency test and design ami mate- 
rialof imulator, select outfrom l/lOper cen t to 2 per cent defective 

*For the results of tests of this sort made upon eight units see Sporadic 
Insulator Troubles," by Harris J. Ryan, read at a meeting of the San 
Francisco Section of the A. L E. E. and published in the Journal of 
Electricity, Power and Gas, VoL XXXIV, Feb. 27, 1915. 
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pieces, but it will be found that most of the defects are at the 
edges of the shells where the voltage drop through the shell is 
very slight on normal frequency. High-frequency testing does 
not appear to be more efficacious than, if indeed equal to, normal 
frequency testing for purposes of selecting out immature ^or 
under-vitrified porcelain. We ordinarily test 100 to 200 in¬ 
sulators at a time in one circuit with insulators flashing over 
and the kick and energy for destruction by puncture of this large 
capacity is a most valuable selective test which will not quickly 
be superseded by a high-frequency test. A high-frequency 
routine commercial test on each insulator appears needless if 
materials and thickness of shells are such as to pass design 
tests. In short, the expense of weeding out from 1/10 per cent 
to 2 per cent on high-frequency test may be justified by in¬ 
creased line security, but this test will probably be added to and 
not supersede our present methods of normal frequency lag test. 



3300 1600 1020 750 600 500 410 360 

RATE PER SECOND INCREASE IN VOLTAGE BASED ON CURVE 

Fig. 8 

We cannot predict that this 1/10 per cent to 2 per cent selected 
out after normal frequency test will- eliminate an equal per¬ 
centage of line insulator troubles. Nor, in the absence of more 
exact knowledge of what the line phenomena are, can we now 
judge how severely we should test at the factory—rthat is, how 
nearly we should in testing approach the critical strength of 
the insulator. 

High-frequency testing is positively dangerous until we have 
established safe standards. Thus we can subject a sheet of 
porcelain say 5/8 in. thick to a voltage of 85,000 at 200,000 cycles 
and puncture the piece, after which it will withstand, in many 
cases, 100,000 volts at normal frequency for an appreciable length 
of time, or we can, by immersion in oil, literally bore holes into 
porcelain at each terminal without puncture. The holes are 
roughly semi-spherical and evidently produced by local heating 
which splits or spalts off pieces of porcelain varying in size from 
dust up to pin head. 
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High-frequency puncturing is peculiar. Thus, with normal 
frequency a puncture results in a comparatively large thread 
of glass (fused porcelain), whereas high-frequency puncture 
results in many discharge paths or fissures. After puncture 
actually occurs, when testing in oil, carbon is deposited through¬ 
out these cracks. If, however, bombardment is not carried to 
puncture voltage there is no evidence of carbon deposits in the 
body of porcelain, although distinct fissures or hollows in the 
intact body are discernible with the microscope and these appear 
as if the porcelain had undergone a digesting or honeycombing. 
The excessive heating causes long extended cracks in glass when 
punctured, and with the glassy, highly vitrified best European 
porcelain similar cracking occurs. 

• As to manner of applying high-frequency test, it appears that 
the puncture strength of porcelain depends more upon a critical 
voltage gradient than on time of application. Fairly exact 
determinations demand more exhaustive tests than we have 
yet been able to make, but roughly it seems that a test for one 
minute would detect defects, indeed twenty seconds may appear 
unduly conservative perhaps, but would, it is believed, serve in 


nearly all cases. 

High-frequency testing has already given a great impetus 
to improvement in porcelain as a safe dielectric. Since it ap¬ 
pears that the destructiveness of high-frequency tests results 
from excessive local heating, a very tenacious materi^ shouia 
be provided. Glass or glassy porcelain, because of its sniaii 
thermal accommodation, cracks and current follows through be¬ 
fore the bombardment has an opportunity of digesting or bonng 
into its structure. Best porcelain will withstand semi-c^struc- 
tion or digesting before giving way to open puncture, ine in¬ 
ternal crystalline structure of porcelain is complex. It has to 
do with the pyrochemistry of silicates, which has ^^t yet been 
written and only slightly investigated. The methods of the 
hivh-voltage porcelain maker are therefore highly empmcal, and 
his particular experience highly valuable. Thus, each rnaker 
must for his special porcelain ascertain a thorough knowledge 
of the workability of his clay mixture—the limit of abuse and 
the best burning methods. As a concrete instance, a mani^ac- 
turer may have for years burned his porcelain for so long a time 
that he held it dangerously long in the crystallizing 
zone for that mixture. He called it the soafang heat and 

sincerely intended to add quality. A 

was weakened and on high-frequency test 2 

a weak crystalline bond giving way, 

tree-like permeation. Pyrometer tubes subject 

high heat sometimes undergo this crystallizing or devitrification 

^’^At'thrSher exteLe is 

The process of burning porcelain, f 

silica reactions, is really an arrested reaction, the accuracy 
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of which depends upon the personal skill involved. The most 
ambitious technician has but two tools to guide him over the 
delicate step—pyrometric cones, which are intended to measure 
heat,,and trials for progressive shrinkage. Soft porcelain is very 
hard to detect and the greatest promise seems to be offered by 
a measurement of insulation resistance at very high potential 
to detect variations. 

Conceive of a hundred grades of porcelain in one kiln varying 
in minute degree, some so near maturity that their structure 
can be conceived as a maze of capillary openings so small that 
they demand their own time for absorption—maybe a mqnth; 
maybe two years. This is impossible to detect at the factory 
by any present method. 

As interest in overcoming line insulator failure becomes 
keener, when insulators are bought as a specialized and highly 
technical product and standards are approached, some time the 
maker and purchaser may cooperate and make the porcelain 
far ahead of demand so that a period of weathering—say a 
year or more—will eliminate a great percentage of questionable 
material before erection. 

Such qualities can surely explain some of our “ fatigue 
so-called, in insulators no less than in tableware; and the in¬ 
sulator maker of repute should be the peer at least of the high- 
grade dish porcelain maker in ability and product. Or is that 
too much to expect when high-voltage porcelain is hammered 
down to 4 cents per pound* whereas the dish maker would 
starve on 5 cents per pound? 



Presented at the Z05th meeting of the American 
Institute of Electrical Engineers^ New York, 
March 12, 1915. 


Copyright 1915. By A. I. E. E. 


FIXATION OF ATMOSPHERIC NITROGEN 


BY ICELAND L. SUMMERS 


Abstract of Paper 

The nitrogen contained in the atmosphere is m ^ an inert 
form and does not readily lend itself to chemical reactions. To 
overcome this is the province of “ nitrogen fixation.” _ 

There are very definite commercial limitations involved 
in accomplishing this, as the world’s supply of nitrogen has 
been readily obtained from vast natural deposits of sodium nitrate 
in Peru and Chile and the production of a substitute must be at 
a competitive cost. 

The electrical processes for fixing nitrogen have a very low 
efficiency, due to utilizing thermal energy only. 

Combinations of electrical and chemical methods promise 

the most important developments. 

Comparative figures are given showing amount of energy 
necessary per kilogram of nitrogen fixed, and the general 
economics of the subject is discussed. 

I. Introductory 

I N 1898 Sir William Crookes, in his address as president of 
the British Association, very forcibly pointed out that 
the commercial fixation of atmospheric nitrogen was one of 
the greatest discoveries awaiting the ingenuity of chemists. 
He emphasized with very interesting figures its important 
practical bearing on tlie future welfare and happiness of the 
civilized races. This address brought forcibly to the attention 
of engineers the fact that the existing sources of fixed nitrogen 
were limited, and greatly stimulated the efforts of investigators. 
The problem itself had been worked on for over a century, as 
it was known that nature fixed nitrogen of the atmosphere by 
means of electric discharges, and Cavendish in 1781 had shown 
that a small amount of nitrogen was converted into nitric acid 
in the combustion of hydrogen with oxygen to form water, 
while Bunsen in 1877 obtained favorable yields by means of gas¬ 
eous explosions. The earlier efforts commercially in the art 
were, however, largely confined to the fixation of nitrogen for the 
purpose of manufacturing cyanides, and the earlier bibhogmphy 
of the subject therefore deals almost entirely with these efforts. 
Commercial Products of Nitrogen, The three fundamental 

677 
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commercial products formed by nitrogen are, first, its union 
with oxygen to form nitrates NO3 and nitrites NO2. Sec¬ 
ond, its union with carbon to form cyanogen C2N2 and 
producing cyanides XCN and cyanamides XCN2- Third, 
its union with hydrogen to form ammonia, NHs- From 
all of the above products there are obtained many derivatives 

used in the chemical arts. 

The most important of all commercial products are the unions 
of nitrogen with oxygen forming the nitric acid salts of com¬ 
merce. These are of particular importance on account of the 
vast natural deposits of nitrate of sodium occurring in Peru and 
Chile, commonly called Chile saltpeter. Practically, this com¬ 
modity is the one that sets the piice for all other compounds of 
nitrogen, as it has been mined in Chile since 1830, and during 
the past 25 years its production has assumed vast proportions, 
the present annual output amounting to about 2,500,000 tons. 
This deposit of Chile appeared inexhaustible and therefore there 
was no occasion for alarm regarding the world’s supply of com¬ 
bined nitrogen, but after years spent in exploration work it be¬ 
gan to appear that the Chilean deposits would be exhausted 
before the end of the present century, and since then all othei 
sources of combined nitrogen have received attention. 

While there are a few scattered natural deposits other than 
those in Chile, there is none which has at the present time a 
chance of competing, most of them being of limited extent and 
situated in inaccessible regions. In Chile the deposits are 
easily worked and even after years of careless mining with no 
effort to effect economies, the present cost of producing nitrate 
is not excessive, varying from $10 to $20 per ton and selling 
in Liverpool for about $45 per ton. This leaves a profit of from 
$5 to $10 a ton on the operation after paying the Government 
of Chile an export tax of about $12.25 per ton. In the past 30 
years this export tax has netted the Chilean Government about 
$500,000,000. Of the total production of Chile the United 
States imports about 600,000 to 700,000 tons per ^annum, the 
balance being practically all shipped to European countries. 
Chile saltpeter has sold as high as $60 a ton, but since 1909, when 
the agreement among the producers expired, the price has ap¬ 
proximated $45 per ton f .o.b. Liverpool, making a price of from 
$35 to $40 per ton f.o.b. Chile. 

The union of nitrogen and carbon to form cyanides and with 
hydrogen to form ammonia are two of the earliest forms in which 
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the combined nitrogen was utilized. Most all animal and vege¬ 
table refuse contains ammonia compounds and these were the 
early sources of ammonia, and animal refuse products such as 
hides, hoofs and horns were the sources of combined carbon 
products forming the cyanides. Until the discovery of the Mc- 
Arthur-Porrest process for gold extraction, the markets for 
cyanides were comparatively limited and there was no great 
effort made to produce them on a large scale. With the rapid 
development of this art in the recovery of the low-grade gold 
deposits a sudden impetus was given to the cyanide industry, 
and large quantities of cyanides are now manufactured from 
ammonia and metallic sodium. Small amounts of cyanides 
for industrial purposes are recovered from the gas retort houses, 
but these processes are not generally applied and no particular 
effort has been made to extend the processes to the recovery 
of cyanides from by-product coke ovens. The greater portion 
of the cyanides is manufactured in England and Germany and 
some 20,000 tons per annum are exported annually by these two 
countries. As the cyanides of sodium and potassium for gold 
recovery purposes sell from $300 to $400 per ton, they represent 
one of the highest prices of nitrogen directly combined with 
a simple element. 

The third great commodity of commerce, ammonia, is utilized 
extensively in industrial arts but in addition has been used for 
many years as a fertilizer. The annual production of sulphate 
of ammonia now amounts to about 1,250,000 tons and the Liver¬ 
pool price approximates that of sodium nitrate, varying from 
$45 to $60 per ton. Practically all of this sulphate of ammonia 
is manufactured from coal distillation either from gas house 
retorts or by-product coke ovens, up to the past year there 
having been practically no process in operation for the direct 
synthesis of ammonia from its compounds. 

All the older retort processes for the manufacture of gas 
recover ammonia by washing the illuminating gas with water. 
All by-product coke ovens likewise treat the by-product gas for 
the recovery of ammonia. American coals run from 0.9 per 
cent to 1.4 per cent nitrogen or from 18 to 28 lb. (8.1 to 12.7 kg.) 
of nitrogen per ton of coal. In the distillation of this coal about 
20 per cent of the nitrogen is recovered from the gases of dis¬ 
tillation, so that from 4J to 7 lb. (2.1 to 3.2 kg.) of ammonia are 
recovered per ton of coal distilled; this ammonia when united 
with sulphuric acid forms sulphate of ammonia, giving a yie 
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of from 18 to 28 lb. (8.1 to 12.7 kg.) of sulphate of ammonia per 
ton of coal distilled. Weak solutions of ammonia water are 
concentrated from the gas house retorts and the ammonia dis¬ 
tilled from this water by breaking down the ammonia contents 
with lime, the pure ammonia then being united with sulphuric 
acid. In many of the coke oven plants the sulphate is formed 
directly by passing the gases into sulphuric acid, forming the 

ammonia sulphate by a direct process. 

In general it costs about $15 per ton of ammonia sulphate to 
manufacture the sulphate from the ammonia, so that if am¬ 
monia sulphate is selling for $45 per ton, $15 of this is represented 
in the cost of sulphuric acid and the manufacturing, making the 
net ammonia cost with profit $30 per ton of sulphate, or, as the 
nitrogen content of the sulphate amounts to 21 per cent, the 
nitrogen represents an actual value of 7 cents per pound. With 
the great increase in the number of by-product coke ovens, 
there has been a greatly increased quantity of ammonia sul¬ 
phate manufactured, and it would seem that under these condi¬ 
tions the price of ammonia sulphate will tend to diminish rather 
than to increase. The actual cost to the by-product coke oven 
plants recovering the ammonia, in addition to the $15 for manu¬ 
facturing the sulphate of ammonia, will approximate $10 per 
ton, and if there is any profit to be obtained from the sale of 
ammonia, they can afford to recover it at this figure. 

Another source of ammonia by coal distillation is from producer 
gas generated on what is known as the Mond system. In 
this process steam is admitted to the producer in excess, so that 
the temperature is not permitted to rise to a point where the 
ammonia liberated by the fuel is decomposed. This excess of 
steam tends to protect the ammonia and it is recovered from the 
producer gas by washing. In this process not only the ammonia 
carried in the volatile products is recovered but also a large per¬ 
centage which ordinarily remains in the carbonaceous residue 
of the coke oven and gas house retort. As ordinarily distilled, 
about 50 per cent of the total ammonia of the cod remains in 
the coke residue and is not recovered., In the producer where 
this coke is consumed in the presence of steam the total per¬ 
centage of recovery may be as high as 75 per cent of the theoretical 
nitrogen contained in the coal, so that from 15 to 20 lb. (6,8 to 
9.1 kg.) of nitrogen may be recovered, or in terms of ammonia 
sulphate, from 60 to 80 lb. (27.2 to 36.2 kg.) of ammonia sul¬ 
phate may be obtained per ton of coal consumed in the producer. 
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This type of producer has not been extensively utilized in 
America, as the expense of installation is increased by the neces¬ 
sity of washing a very large volume of low-grade gas, the volume 
of gas per ton of coal consumed in the producer being about 
130,000 cu. ft. against about 10,000 cu. ft. per ton of coal as 
distilled in the coke oven. 

A number of these plants have been installed in England 
and on the continent, but the aggregate of the ammonia sul¬ 
phate produced is not large as compared to that from coke 
ovens and gas house retorts. 

Available Nitrogen in Commercial Products. The question of 
the available nitrogen in the various compounds has in a mea¬ 
sure determined the price of the product, the utilization in the 
fertilizer art being practically the basis of fixing the price. 
For a number of years it has been assumed that the selling 
price of combined nitrogen would be from 12 cents to 13 cents 
a pound. Thus Chile saltpeter, being about 95 per cent pure 
nitrate of soda, would have a theoretical nitrogen content of 
about 16.5 per cent, or, corrected for impurities, would have 
about 15.5 per cent nitrogen. 

As the cyanides until recently were not used directly in the 
fertilizer art and were combined with more expensive products, 
their price has not been regulated by their content of. combined 
nitrogen. The ammonia used in the fertilizer art is almost 
entirely used as sulphate of ammonia, on account of the cheap¬ 
ness of the commercial sulphuric acid and the ease of manu¬ 
facture, and this product would therefore have a theoretical con¬ 
tent of 21 per cent of nitrogen. 

The above nitrogen products may be considered the funda¬ 
mental commercial forms in which combined nitrogen enters 
the market, and while tbe fertilizer industry fixes the price^ of 
combined nitrogen, it is only one of the many industries in which 
• vast quantities of nitrogen are utilized. Thus about 50 per cent 
of all the Chile saltpeter imported in this country is used in the 
manufacture of explosives, while an additional 25 per cent is 
utilized in the arts requiring nitric acid. Of the ammonia sul¬ 
phate, a very large percentage is used directly as fertilizer, 
thoiiP-h there is a very considerable demand for use in chemical 

such Jommercisl applications as adsydrous and 
aqueous ammonia used in the refrigeration art. PracticaUy 
all explosives have utilized nitrogen compounds as a pnimipal 
ingredient, the earlier black gunpowder having used Chile 
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saltpeter, charcoal and sulphur, and the later so-called smoke 
less powder utilizes the oxygen-carrying property of nitrogen 
as well as the inherent molecular energy in the production of 
such high explosives as nitroglycerin, cordite, lyddite, melinite, 
guncotton and various other nitrocellulose compounds, and 
modified explosives used in industrial work, such as dynamite 
and various blasting powders. 

Fixation Processes, In considering the fixation of atmos¬ 
pheric nitrogen from a commercial standpoint, the limitations 
will be imposed by the selling price of the natural product from 
Chile, covering nitrate compounds, and the selling price of am¬ 
monia sulphate as obtained from coal distillation, affected as 
these prices will be by the manufacture of ammonia from at¬ 
mospheric nitrogen. 

In competition with the above sources of nitrogen there has 
been the constant effort toward the fixation or rather the utiliza¬ 
tion of some of the vast quantity of atmospheric nitrogen sur¬ 
rounding us. 

A list of these fixation processes would contain the names of 
hundreds of investigators, and from the past twenty years of 
effort there may develop processes which at present are still 
experimental; but of the various processes which have reached 
the state of commercial application there appear to be four 
distinct lines of development. 

First. The production of nitric acid directly from the at¬ 
mosphere by means of the electric arc. In this process the 
nitrogen of the atmosphere is directly combined with its ac¬ 
companying oxygen without utilizing any other chemical sub¬ 
stances, the process consisting essentially of a powerful arc fur¬ 
nace through which air is forced, causing at this high tempera¬ 
ture the nitrogen to combine with the oxygen, forming nitric 

oxide, NO. 

Second. Methods of fixing nitrogen by means of electric fur¬ 
naces or combustion where the energy of chemical combination is 
utilized, causing the nitrogen to combine with sortie substance with 
which there is a pronounced energy of chemical combination. 
These processes include furnaces utilizing calcium carbide, with 
which nitrogen readily combines to form calcium cyanamide, 
CaCN 2 , and various processes for making combinations of 
nitrogen and a basic or alkaline earth metal such as calcium 
nitride, Ca 3 N 2 , or magnesium nitride, Mg 3 N 2 , or aluminum 
nitride, AIN, the chemical action usually forming a nitride or 

carbo-nitride. 
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Third. Processes for producing ammonia, NHs, directly from 
nitrogen and hydrogen. These include the effort to use the 
various forms of electric discharge by which the nitrogen mole¬ 
cule may be decomposed and. in the presence of hydrogen, form 
ammonia. As ammonia decomposes at a very low temperature 
(500 to 1000 deg. cent.) only the silent discharge seems avail¬ 
able, and the yields are not commercial. • The most promising 
of all direct ammonia processes seems to be that of Haber. In 
this process, a catalytic agent is used and under a heavy pressure 
the nitrogen molecule is decomposed and united to the hydrogen, 
thus forming ammonia. Salts of uranium seem to be preferred 
as the catalytic agent and have the power of acting on nitrogen 
at a temperature of about 500 deg. cent. 

Fourth. Production of a high temperature by combustion, 
either utilizing catalytic agents or simply by producing a high 
temperature by rneans of tlie explosion or combustion of gases, 
directly combining the nitrogen and oxygen to form nitric oxide, 
NO. This method, early used by Bunsen in the combustion 
of hydrogen to form water, has been applied to coke oven gases 
by Hausser. A bomb is used and the mixture of gas and air is 
fixed electrically; the small amount of NO formed is recovered 
and converted into nitric acid, HNO3. 

The , chemical fornr in which the commercial supplies of 
combined nitrogen appear on the market is due largely to 
existing commercial conditions.- The nitric acid combined as 
sodium nitrate occurs in this form simply on account of being 
naturally produced in this form. The ammonia appears on the 
market as ammonia sulphate largely on account of the cheapness 
with which sulphuric acid can be obtained, and the widely 
distributed plants for its manufacture, making it one of the cheap¬ 
est and most convenient forms of combining with ammonia. It 
is probable that in commercial nitrogen-fixing plants, if both 
ammonia and nitric acid are manufactured, one of'the most 
convenient forms for marketing this product will be by using 
nitric acid in place of sulphuric acid, making ammonia nitrate, 
NO3NH4. This product is on the market at present but is only 
manufactured from sodium nitrate and from ammonia, or in 
some of the plants where nitric acid is manufactured, ammonia 
is shipped to the nitric acid plants to be manufactured into 
ammonia nitrate. The advantage of ammonia nitrate is that 
it has a nitrogen content of 35 per cent, in this respect a much more 
concentrated nitrogen product either for the processes of manu- 
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facturing other compounds of nitrogen or for use in the fertilizer 
industry. 

Physical Limitations and Those Fixed by Natural Sources. The 
competition with natural sources will fix the commercial limita¬ 
tions or selling prices for these various nitrogen compounds, and 
in considering the possible developments of the, processes it will 
be interesting to see to what extent they have definite theoretical 
limitations, as these will greatly affect any comparison of pos¬ 
sibilities. Before considering in detail these processes we might 
endeavor to investigate whether our present conception of the 
physical and chemical reactions involved imposes real limitations, 
or whether there is an uncertain boundary which further de¬ 
velopments may encroach upon, perhaps thus continually im¬ 
proving the efficiency and posvsibilities commercially. If, for 
instance, the nitric oxide processes which utilize only 2 per cent 
to 4 per cent of the energy supplied to the furnace are limited to 
this amount by the inefficiency of the apparatus, there is much 
greater possibility of development than would be the case if 
the process has definite physical or thermodynamic limitations, 
and the present apparatus utilizes a favorable percentage of this 
possible ultimate limit. To some extent these theoretical limita¬ 
tions are not always sharply defined, and research will extend 
this horizon, but we may determine some of these limitations 
quite definitely. - 

4 

II. Theoretical Limitations 

As we are considering this subject from, its engineering aspects, 
it may be excusable to examine some of the theoretical limita¬ 
tions impo by the laws of physical chemistry, and in reviewing 
what may be termed elementary formulas, it is interesting to note 
that the investigation of these theoretical limitations has been 
of fundamental importance to physical chemistry in extending 
the application of the laws of chemical dynamics. 

Molecular Inertness of Nitrogen. The elements, carbon, C, 
and nitrogen, N, possess a marked similarity in the fact that the 
molecule of each is composed of two or more atoms united to¬ 
gether with a bond .representing a large amount of energy. 
Nitrogen, having an atomic weight of 14, has a normal mole¬ 
cular weight of 28, indicating two atoms to the molecule, and 
in this molecular form it occupies 79.2 per cent of the volume of 
the earth’s atmosphere. To separate this molecule into its 
constituent atom's and cause these atoms to combine with other 
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elements is the problem of the fixation of nitrogen. Unless 
combined in the -atomic form, the enormous bond between the 
atoms causes them to combine upon themselves into the inert 
form of molecular or atmospheric nitrogen. The ordinary com¬ 
pounds of nitrogen are formed only by the expenditure of a 
large amount oF energy, the union of molecular nitrogen, N 2 , 
and molecular oxygen, O 2 , to form nitric oxide, NO, being rep¬ 
resented by the formula 

N 2 + O 2 = 2 NO = —43,000 calories 

* ' ■ 

Or in other words, to form one gram-molecule of nitric oxide, 
NO, requires the expenditure of energy amounting to 21,500 
calories. 

The general similarity to carbon in this molecular inertness, 
makes an interesting comparison. 

Thus 

021 + O 2 = 2 CO = 58,000 calories. 

2 CO + O 2 = 2 CO 2 = 134,000 calories. 

The formation of one gram-molecule of CO therefore represents 
the liberation of 29,000 calories, while the formation of one gram- 
molecule of CO 2 from CO represents 67,000 calories or a total 
of 96,000 calories in the formation of CO 2 from the original 
elements C and O. When amorphous carbon therefore is caused 
to assume the gaseous condition and unite with a niolecule of 
oxygen there are liberated 29,000 calories, but after assuming this 
condition in which' the molecule is no longer composed of the 
inert carbon molecule, a second gram-molecule of oxygen 
unites with the CO and liberates 67,000 calories additional. 
The second molecule, of oxygen therefore liberates 38,000 cal¬ 
ories more than the first molecule, and as the oxygen molecules 
were alike, this energy represents the bond uniting, the carbon 
atoms and the energy necessary to break down the bond between 
these atoms and produce a gaseous condition frorp. the amorphous 

condition. 

Returning to the nitrogen molecule, it is apparent that the 
formation of the gram-molecule of NO requires 21,500 calories 
in comparison to carbon liberating 29,000 calories to form CO, 
that is the nitric oxide reaction is endothermic while the carbon 
monoxide reaction is exothermic. Upon adding a second mole¬ 
cule of oxygen to the nitric oxide to form the peroxide we find 

2 NO + O 2 = 2 NO 2 = 27,000 calories 
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or 13,500 calories per gram-molecule are liberated after previously 
expending 21,500 calories to formNO. Since there are liberated only 
13,500 calories upon adding a second molecule of oxygen, the net 
energy required to form the NO 2 would be 8000 calories. The first 
molecule of oxygen required 21,500 calories whereas the second 
required only 8000 calories, so that 13,500 calories were required 
by the nitrogen molecule to prepare it for combination with the 
oxygen. 

Dynamic Equilibrium. These heats of combination developed 
by the atoms combining upon themselves indicate a very stable 
or inert molecule, and in liberating this energy to assume this 
more stable form the forces exerted are of large magnitude. 
It is readily apparent from this, for instance, how carbonaceous 
gases can readily form soot and cinders and other amorphous 
forms, when the union with oxygen is disturbed, as the tendency 
of the atoms to unite with oxygen or to form carbon molecules 
will depend upon an adjustment of the surrounding conditions. 
This ever-changing condition of equilibrium constitutes the 
dynamic conception of equilibrium, displacing the static equili¬ 
brium of the older theories of chemistry. In order more care¬ 
fully to consider some of the theories that have been advanced 
it may be of interest to follow further some of the concepts of 
physical chemistry. The fact that the nitrogen atom has this 
strong tendency to combine upon itself with a liberation of 
energy greater than in the combination with the oxygen atom, 
indicates that in any reaction when the combination with oxygen 
has made possible a changing of the atoms there will be 
continuously in progress an action and a reaction, and the 
equilibrium will be indicated by the expression 

N 2 + O 2 ^ 2 NO ‘ '' 

the sign of equality being displaced by the two arrows indicating 
that the action proceeds in each direction, that is, it is a reversible 
reaction, and the equilibrium will be dependent upon condi¬ 
tions, the two most important conditions being temperature and 
the active masses of the substances present. Considering first 
the effect of the active masses present, if it be assumed that the 
collision of molecules causes the re-arrangement of the atoms 
comprising the molecule, and that of these collisions only a cer¬ 
tain number will cause the re-arrangement to proceed in one 
directicn, the re-arrangcment will be greater the miore fre- 
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quently the-collisions take place, there being some ratio for each 
individual casej and the collisions possible will obviously be pro¬ 
portional to the concentration present, that is, the collisions 
will be proportional to the number of molecules present . With 
two substances present, the collisions will be proportional to 
the molecules of each present, and hence to their product. 

The Velocity Coefficient. If Ci and represent the special 
concentration of gram-molecules present, the velocity of the 
reaction will be proportional to C 1 C 2 or the velocity V of the 
reaction will be 

V = Cl Cik 

where yfe is a constant or coefficient to be determined for the given 
temperature. This velocity of reaction will proceed each way 
in reversible reactions; the concentrations of the molecules in 
the reverse action being represented by Ci and C 2 ' and the 
velocity of reaction by V, the velocity of the reaction in the 

reverse direction will be 

V = Cl' C - Ik ' 


where k' is the velocity constant to be determined for the re¬ 
verse reaction. . , , . . , ^ 

The Equilibrium Constant. The chemical driving force for 

any reaction will continually diminish as the reaction approaches 
eauilibrium, or the velocity of the reaction will diminish as equilib- 
rffim is approached, and when equilibrium is reached F will 


equal V and 


kCi Cl = h'Ci! Ci' 


This dynamic equilibrium indicates that as much reactive su - 
stance is being formed in a given time as is being decompose , 
and a fixed relation therefore results, but the reactions have not 
ceased only the velocities have equalized, and the driving chem- 
S femes are incapable of making any .further change in the 
reacting substances unless the velocity in one direction or the 
other is changed. - In this state of equilibrium the ratio between 
the velocity coefficients or constants is 


^ . = K = equilibrium constant. 

k C 1 C 2 


Or, as the concentration or active mass in any reaction increases, 
the velocity coefficient increases, and for each change in equili- 
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brium due to temperature change, there is a definite concentra¬ 
tion ratio represented by this equilibrium constant K. 

Partial Pressures. If the concentration of a given molecule 
is C and the collisions of the molecule are proportional to this 
concentration, if there are two molecules the collisions between 
the two similar molecules will be C times as great as one molecule, 
or C^. As the total pressure of a mixture of gases is the sum of 
the pressure of each gas, and by Avogadro’s hypothesis' the 
pressure is proportional to the number of molecules in the given 
space, the concentrations instead of being represented by gram- 
molecules C may be expressed as partial pressures py and equili¬ 
brium will be represented by the ratio of the partial pressures of 
the gases. Thus two molecules of NO will have the pressure. 
p ‘^^0 while and po may represent the pressure of N and 0 
At equilibrium the constant K will then become 

X = 

PnPo 

and for any pressure and volume the familiar equation 

» 

PV = RT 

will represent the work done, where P is the pressure, V the 
volume, R the gas constant, and T the absolute temperature. 
The work done in the reaction 

N2 + O2-2NO 

will consist in taking one molecule of N from the pressure p and 
transferring to the pressure P, also one molecule of 0 from the 
pressure p to pressure P, and offsetting this work will be the 
transferring of two molecules of NO from pressure Pno to p^Q. 
When the pressure of a gas at constant volume is increased by the 
infinitely small amount d^, the corresponding work^done (14 will 
be 

(14- ^pV 

The Maximum Work. If we substitute for V its value from 
the equation 


pV = RT 
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and 


== 


RTdp 


and for the work done between the limits of pressure p and P we 
have 

A = RT \ = RTln^ 


where In is the natural logarithm. For the work done in forming 
the NO at a temperature T, we will have 


N 


+ 


0 


- 2 NO 


A =RTln^+ RTln ^ - 2 RTln 

or, simplifying and assembling the initial pressures and the final 
pressures in separate terms, we have for constant temperature 


A = RTln 


P'M Po 
P^i^O 


+ RTln 


But the first term represents the initial -pressures or the work 
done on the initial condition of the materials, and we are not 
called upon to furnish this .energy, the change of energy being 
represented only by the second term 

RTln ^ 

JrijJro 


This quantity - Tl— is, however, the ratio of pressures or 

Jr ijJr o 

concentrations represented by the equilibrium constant K, an 
hence the work done at any given temperature may be repre¬ 
sented by the equation 

A = RTlnK 

Van’t Hoff has applied this type of fundamental equation to 
a wide range of reactions and by means of the second law o 
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thermodynamics has made it applicable to temperature and con¬ 
centration changes in which the latent energy plays an important 
part, for in these reactions the product of the specific heat by 
the temperature no longer represents the heat transfer. 

Van^t Hoff's Fundamental Equation. The second law of thermo¬ 
dynamics expresses the relation of A, the maximum work pos¬ 
sible at a temperature T, and U, the decrease in energy of the 
system in relation to the ratio of change of A with the tem¬ 
perature Ty the equation being 




rp dA 
dT 




Substituting in this the value of A and ^ obtained from the 
equation A = RTlnK 

we have, when both A and /niT change with the temperature T, 


and hence 


dA 

dT 


= RLnK + RT 

dr 



dlnK 

dT 


ch IS Van t Hoff s fundamental equation for chemical reac- 
tions m which the heats of reaction U are'important factors and 
Doth the temperature and concentrations may be variable ' 
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The quantity U, which in thermodynamics represents the de¬ 
crease in energy of the system, may here represent the energy 
of chemical combination, which changes very little with changes 
of temperature and is generally designated as Q, and in the case 
of nitric oxide it has the value 21,500 calories per gram-mole¬ 
cule; so the equation becomes 


43,000 = - R'n 


dlnK 

dT 


arid when using the air as a source of nitrogen, in which the nitro¬ 
gen content is 79.2 per cent and the oxygen 20.8 per cent, and 
letting X represent the percentage of NO formed, as | will be 
from the nitrogen and ^ x from the oxygen, the equilibrium con¬ 
stant K will be 


Nernst’s Determinations of Equilibrium. Nemst and his 
assistants determined x for a number of temperatures, the cal¬ 
culated and observed values being as follows: 


T 

Z(Obs.) 

X(Calc.) 

Observer 

1811 

1877 

2023 

2033 

2195 

2580 

2675 

0.37 

0.42 

bt. 0.52 and 0.80 

0.64 

0.97 

2.05 

2.23 

0.35 

0.43 

0.64 

0.67 

0.98 

2.02 

2.35 

Nemst 

Jellinek 

Jellinek 

Nemst 

Nemst 

N emst-Finckh 
Nemst-Finckh 


Nernst’s calculations of x or equilibrium volumes m pCT cent of 
NO, using air at temperatures of 1500 deg. T to 3200 deg. , 

^^^:£^ity of Dissociation. Nemst and Jellinek also determined 
the rapidity with which the NO is decomposed or 
at the various temperatures and these experiments showed that 
the tendency of NO to revert to molecular N and O is very shg 
*1“ Ueratu^e of 1600 deg. cent. 

with the temperature, so that the time ot the p ^ 

ducts through the varying zones of heat in 

sufficient to effect a large amount of dissociation. In order 
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to avoid this dissociation a rapid movement of the air through 
the arc or the arc through the air is desirable, and this in turn 
causes increased radiation and convection losses, so the maxi¬ 
mum possible temperature of the arc is not obtained and hence 
there are imposed very distinct limitations to the yield of NO. 

Haber's Theory of Ionic and Electronic Collisions. Haber and 
Koenig investigated the possibility of utilizing lower temperatures 
in the arc [to avoid dissociation by enclosing the arc in a water- 
cooled quartz tube whereby moderate temperatures were pre¬ 
served. In place of the molecular collisions we have assumed 
above as due to the thermodynamic condition of the gas, they used 
afvacuum and endeavored to utilize the kinetic energy from the 
rapid motion of the ions and electrons liberated by the arc stream 
under these conditions. Habor considered it possible to increase 
the thermodynamic concentrations about 50 per cent. His tests 
indicating that, using a temperature of 3000 deg. cent., it was 
possible to show 10 per cent concentrations of NO, which would 
correspond to a temperature under the thermodynamic equili¬ 
brium of 4300 deg. cent. Haber gives a table showing the effect 
of various mixtures of N and 0 when working with the in¬ 
creased mean free path of the molecules due to a vacuum Of 
100 mm. of mercury. In his work Haber prefers to use the 
square root of the equilibrium constant K we have used above, 
thus enabling the partial pressures of the resulting substances 
to be read direct, while the partial pressures of the ingredients 
are expressed as square roots of the pressures. 

Haber’s table for a pressure of 100 mm. is as follows: 



Gas mixture 


K « 
(NO) 

Thermodynamically- 
calculated absolute 
temperature by 


Oa per cent 

Na per cent 

1 per cent NO 

(N2)i(02)i 

• 





Haber 

Nernst 

Air 

20.9 

79.1 

9.8 . 

0.284 

4365 

4334 

Half-half 

/ 48.9 

51.1 ' 

14.4 

0.337 

4686 

4650 

mixture 

1 44.4 

55.6 

14.3 

0.337 

4686 

4650 

Reversed air 

/ 75 .O 

25.0 

12.8 

0.357 

4805 

4767 

mixture 

\81,7 

18.3 

12.1 

0.397 

5042 

5000 


The 3delds of NO per kilowatt-hour obtained by Haber were 
unsatisfactory and the complications of small water-cooled tubes 
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and working under a vacuum of 100 mm. have not justified com¬ 
mercially the higher concentrations of NO he obtained. 

Commercial Processes now in Use have Distinct Limitations. 
We may assume that up to the present the processes in com¬ 
mercial use are limited strictly by the thermodynamic equili¬ 
brium of the Vanh Hoff equation. As the volume of gases when 
working with low concentrations of NO is considerable, the 
radiation and convection losses as well as the transfer of sensible 
and latent heat from the arc to the gases lower very materially 
the temperature of the arcs, and the yields therefore indicate 
an average working temperature of 2200 deg. cent, to 2500 deg. 
cent., or concentrations of 1.5 percent to 2 per cent NO when 
working with air. These theoretical limitations of the direct 
process of forming NO have therefore led to many efforts to 
dissociate the nitrogen molecule by other means. 

Sources of Chemical Energy. Naturally the sources of chemical 
energy have offered a most fruitful field, but, like the synthesis 
of carbon compounds, a considerable elevation of temperature 
is necessary before the chemical energy becomes effective enough 
to break the bond of the nitrogen molecule. At these elevated 
temperatures practically all elements or compounds which re¬ 
lease 'sufficient energy to combine with nitrogen have a greater 
combining power for oxygen, so the processes cannot be con¬ 
ducted with air but involve the separation of the nitrogen from 
the oxygen of the air as a preliminary step. The compounds of 
nitrogen thus formed do not, therefore, include the oxides of 
nitrogen. The common elements exhibiting the most pro¬ 
nounced tendency to combine with nitrogen are calcium (Ca), 
magnesium-(Mg), aluminum (Al), boron (B),etc. The carbides 
of a large number of metals also exhibit a pronounced tendency 
to combine with molecular nitrogen when heated. 

The great advantage from a theoretical standpoint in utiliz¬ 
ing these processes is that the reaction with nitrogen may be 
made more complete, as equilibrium may be continually dis¬ 
turbed by withdrawing tlie compound of nitrogen formed or 
by presenting to the nitrogen to be combined fresh combining 
surfaces of the substance and the action may be caused to pro¬ 
ceed practically quantitatively, thus avoiding heating large 
quantities of materials wbich are inert to the reaction. A vast 
field of research is opened, by these possibilities, as very few of 
the equilibrium figures have been determined, and it is almost 
certain that direct combustion methods may eventually be 
evolved along these lines.. 
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The experimental data are so meager that no theoretical limi¬ 
tations can be placed. The reactions assume unusual importance, 
however, on account of a wide application in the arts. This may 
be best illustrated by considering the formation of calcium 
carbide, in relation to its three reversible reactions, namely 

(1) CaO + 3C CaCg + CO 

(2) CaC Ca -b C 

(3) CaO + C ^ Ca + CO 

There are here six substances, some in solid form, some in liquid 
and some gaseous (molecular and atomic) and it is evident that 
the temperature will have a marked influence on the equilibrium 
which will exist, and the reaction will be greatly affected by very 
minute changes, for the partial pressure of the gases will be sud¬ 
denly changed by such conditions as the carbon released in a 
gaseous state immediately combining to form amorphous carbon, 
or the metallic calcium, vapor combining with the oxygen re¬ 
leased by the CO to form calciuiri oxide which immediately 
precipitates as a solid. The fact that calcium oxide, which is 
mpst refractory, can be vaporized at a temperature of 1600 deg. 
cent, to 1800 deg. cent, in the sense that the calcium is 
vaporized and decomposes CO to precipitate CaO again, 
is one of the actions similar to the fumes in smelting 
furnaces which accounts for a heavy loss of metal at tem¬ 
peratures not ordinarily capable of producing fusion. When 
nitrogen is inserted in a reaction of this kind, there are im¬ 
mediately formed complex carbon-nitrogen compounds, but the 
action of the oxygen present is to dissociate these, allowing the 
nitrogen to combine into the molecular form and the metal to 
precipitate from the fume as a minute particle of metallic, oxide, 
the "carbon precipitating as amorphous carbon in the form of 
soot, as all of these reactions liberate a large amount of energy. 
The temperature of these reactions is from 1500 deg. cent, to 
2000 deg. cent, and is therefore well within the range of combus¬ 
tion methods if the combustion could .be in contact with the 
substances as in the blast furnace, but the presence of the oxygen 
necessary for combustion prevents the formation of nitrogen 
compounds. 

The effect of partial pressures in these reactions is of funda¬ 
mental importance. The active mass of a solid is constant and 
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hence at the boundary surface where the solid and gases meet 
there is a high velocity of reaction. Equilibrium will be pro¬ 
duced either by the solid forming a coating of the compound which 
will place it in equilibrium or by the pressure of the gases genera¬ 
ted from the reaction producing a condition of equilibrium. 
Taking the familiar calcium carbonate reaction as an illustration, 

CaCoa^CaO + CO2 

There being two substances in the solid state and one in the 
gaseous, the equilibrium constant K will be 

^ __ CaO X CO 2 
CaCOs 

where CaO and CaCOs are the very slight vapor pressures of the 
solids, that is, the sublimation pressures, which in practise are 
too small to measure. The pressure of the CO 2 will be practi¬ 
cally the total pressure, and as this varies, the velocity constant 
K will vary and hence for any temperature there is but one pres¬ 
sure for equilibrium. LeChatelier measured the temperatures 
and pressures of the above reaction over a wide range and found 
a variation in the temperature necessary to produce the re¬ 
action of from 547 deg. cent, at 27 mm. pressure, to 865 deg. at 
1333 mm., or in other words, equilibrium could be produced 
through a range in temperature of 60 per cent, and at one point 
a change of two degrees necessitated a change in pressure of 
over 10 per cent in order to restore equilibrium. Rothmund 
found the equilibrium pressure of ^CO in the carbide of calcium 
reaction to be 250 mm. at 1620 deg. cent. If the CO pressure 
was raised above the equilibrium figure at this temperature CO 
was absorbed and no carbide was formed. By inserting inert 
gases so the CO was diluted and its partial pressure reduced, the 
temperature of the formation of carbide was varied over 20 per 
cent. These results all indicate that for the nitrogen reactions, 
the actions and reactions must not only be subject to accurate 
temperature regulation but the partial pressures must be con¬ 
trolled and it is probable that definite zones of reaction must be 
maintained. The present commercial applications such as the 
Serpek and cyanamide process prepare the compounds'of mtro- 
gen by causing the nitrogen to react largely with the solid 
masses and thus avoid many of these complications due to the 
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vapor processes, or variable minute pressures of sublimation. 

By substituting the resistance furnace for the arc and reducing 
the'metals in the presence of nitrogen, thus forming nitrides, or 
forming carbides and treating these in the presence of nitrogen, 
there have been developed a number of processes which have 
been commercially applied. 

Ill— Description of Processes 

Three processes which have been commercially applied for 
directly preparing nitric, acid from atmospheric nitrogen are, 
first, the Birkeland-Eyde;se cond, the Schonherr; and third, the 
Pauling. These are diagrammatically shown in Figs. 2, 3, and 4. 
Fundamentally, all operate on the same principle of forcing air 
into intimate contact with a high-tension arc and withdrawing 
the product, nitric oxide, NO, as directly and rapidly as possible 
in order to reduce the amount of decomposition of the resulting 
product. As these processes have been repeatedly described 
in detail in the technical press, we will confine our attention to 
general comparisons. . 

Birkeland-Eyde Process. The Birkeland-Eyde furnace, il¬ 
lustrated in Fig. 2, has been the most extensively used. Its 
most distinctive feature is the use of the magnets A which 
distort the arc into a series of great wheels of flame, extending 
radially outward from the electrodes £, located normal to the 
paper in Fig. 2. The air enters through the conduit C and is 
distributed to the arc through the holes in the firebrick lining. 
The products are withdrawn from around the periphery at D. 
The voltage of 10,000 volts is reduced by an inductive reactance 
coil to about 5500 volts across the electrodes. The alternating 
current of 50 cycles establishes the arc across the [/-shaped 
water-cooled electrodes £, spaced about 0.3 in. (8 mm.) apart 
and a flow of current takes place across this ionized path, the 
electrons formed being repelled by the intense magnetic field of the 
direct-current magnets. A, and their discharge radially outward 
causes the arc stream to follow until it is deflected outward in a 
great semicircle. As its length is thus increased the potential 
across the electrodes rises and a second arc is established, the 
effect being to make a series of rapidly expanding arcs which are 
expanded across the entering air spaces. As the arcs travel 
radially outward the contact of the ionized arc stream with the 
incoming air disrupts the nitrogen molecule and causes the 
formation of NO, and the gaseous products travel rapidly to the 
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periphery of the furnace, where they are withdrawn at an average 
temperature of about 1250 deg. cent. The earlier Eyde fur¬ 
naces were of 300 kw. capacity and gave a concentration of 
about 1.5 per cent NO and a yield of about 500 kg. of nitric 
acid per kw. per year. The more recent furnaces are of 3000 kw. 
capacity and give concentrations of about two per cent NO and a 
yield of 580 to 600 kg. of nitric acid per kw. per year, or 65 to 
70 grams of nitric acid per kw-hr. 

Schonherr Process. The Schonherr furnace (Fig. 3) consists 



2—Berkeland-Eyde Furnace Fig. 3—Schonherr Furnace 

A. core; B, windings; C, gas entrance; D, exit. 

> % 

of a long iron pipe 4 having an electrode E inserted in the bottom 
and the tube itself is the other electrode, the distinctive feature 
of the process being that an alternating current at 4500 to 5000 
volts maintains an arc of from 23 to 25 feet (7 m. to 8 m.). 
The furnace is started by forming an arc from the lower elec¬ 
trode to the wall of the iron pipe by means of a lever Z, a blast 
of air is then admitted to the pipe, whereupon the ionized gases 
are caused to ascend and carry with them the arc stream. In 
this way the arc is caused to travel toward the upper end of the 
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tube, where it is maintained. In practise, the air stream is ad¬ 
mitted in a tangential direction, causing a whirling motion to 
be imparted to the air surrounding the arc; this creates a vortex 
motion causing the arc to be surrounded by the cooler air and 
thus protects the iron pipe, which is wholly unlined. The rapid 
passage of the air maintains an ionized path for the arc stream 
and the arc burns quietly. The products are withdrawn from 
the upper end and pass downward through the passes, 1, to the 
outlet D. Previous to being withdrawn they are cooled by the 
water cooler and are further used to preheat the entering air. 
The temperature of the exit gases is about 850 deg. cent. 
Provision is made for preheating the air by passing it upward in 



Fig. 4—Pauling Nitric Oxide Furnace 


the space 2 of the casing and then downward to a point opposite 
the electrode. The largest furnaces are of 800 kw. capacity 
and maintain an arc about 23 ft. (7m.) long. They give an NO con¬ 
centration of about 2.25 per cent and a yield of 550 to 575 kg. 

per kw-year or 65 grams per kw-hr. 

Pauling Process. The Pauling furnace (Fig. 4) establishes 
an a-c. arc of 4000 volts between two curved horns much after the 
pattern of the horn type lightning arrester. ^ This arc when 
established is driven upward by a blast of air admitted a»t B 
and is disrupted by the diverging horns. A sheet of arc flame 
is maintained by re-establishing a new arc as the previous one 
is elongated. The effect is to create an arc flame about 30^ in. 
(75 cm.) high and to have this flame in intimate contact with 
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the rapidly moving, air used to blast the arc flame. Two fur¬ 
naces are usually operated together and to assist in a rapid cool¬ 
ing of the products a portion of the previously heated or partially 
cooled discharged gases is admitted to the top of the furnace. 
The arc is established by the high voltage breaking down the gap 
between narrow blades C located in the horn gaps, and as these 
wear away they are continually advanced by the adjustments 
D. The percentage of NO obtained is 1.25 to 1.5 per cent in 
the 400-kw. furnace, while the yields are 525 to 540 kg. per kw- 
year or 60 grams per kw-hr. 

Power Factor and Electrode Wear. In all the^e processes 
where the arc is distorted the power factor is about 70 per cent, 
being about 5 per cent lower in the Schonherr type, apparently 
due to inductive effects of the iron pipe surrounding the arc. 
In both the Pauling and Schonherr furnaces the electrodes are 
adjustable and the air blast plays directly on the electrodes, 
necessitating this adjustment and also means of easy renewals. 
The Pauling blades last less than 24 hours; the Schonherr elec¬ 
trode is a straight rod of iron and is fed upward as it bums 
away. The Eyde water-cooled copper pipe, not being directly 
in the path of the air blast, lasts three to four \veeks. In the 
operation of both the Eyde and Schonherr furnaces a furnace 
is placed on each separate leg of the three-phase circuit so that 
six wires are used for each generator. In the installations that 
have been made the furnaces are connected direct without 
transformers, and as no parallel operation of generators is at¬ 
tempted a large number of cables is required between the power 
house and the furnaces. 

Efficiency and Losses. It will be noted that notwithstanding 
the radically different types of these furnaces there is not a wide 
divergency in the yields, the Schonherr furnace showing the 
highest concentration of NO, while the Eyde probably produces 
a slightly higher output per kw-hr. All of these concentrations 
indicate that the maximum temperature of the arc is not utilized 
but is very considerably reduced by the large amount of air 
admitted. If the temperature of the arc is raised by admitting 
less air there is a heavier decomposition of the products and aU 
pToduL are heated to a higher temperature with a correspond¬ 
ing loss, the net result being a lower yield per kw-hr. As the 
vield per kw-hr. is of fundamental importance, adjustments are 
governed accordingly. The concentration of NO affects dmectly 
the apparatus for recovering the products, such as the absorb- 
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ing towers, and the lower the concentration of NO the greater 
the losses from heating the inert gases. The furnace efficiency 
will largely be determined by this factor. Let us take for ex¬ 
ample a concentration of 1.75 to 2 per cent NO and examine the 
distribution of heat. If we take the specific heats of a molecule 
of the diatomic gases as constant, there will be no difference in 
the specific heats per molecule of N, 0 or NO, and taking a 
standard value for this, we may calculate the heat energy ex¬ 
pended. Let us assume, following Haber, that for a change of 
temperature the specific heat per molecule will be 

6.8 + 0.0006 t 

The gaseous products heated in the furnace with 1.75 to 2 
per cent NO concentrations will have, from Nernst constants, 
an absolute temperature of about 2500 deg. and the air would 
have an initial temperature say of 27 deg. cent, or 300 deg. 
absolute, so the arc would raise the temperature of the 100 
molecules through 2200 deg., or, 

sensible heat = 

100 ( 6.8 + 0.0006 i X 2200deg.) 2200 deg. = 1,786,400 calories. 

As two molecules of NO require a latent heat of formation of 
43,000 calories, the total heat will be 1,829,400 gram-calories; 
and as one watt-hour equals 860 .gram-calories the energy rep¬ 
resented will be equal to 2.12 kw-hr. for two gram-molecules 
of NO. Taking the atomic weight of N as 14 and of 0 as 16, 
the gram-molecule of NO will weigh 30 grams, so 2.12 kw-hr. 
will form 60 grams of NO. 

If we mix this NO with air and water it will form nitric acid 
without requiring a further expenditure of energy, thus, 

2 NO + li 0 + H 2 O = 2 HNO 3 

and the 60 grams of NO will then become 126 grams of HNO 3 ; 
the production of nitric acid will'then be 126 grams per 2.12 
kw-hr. or 59.4 grams of HNO 3 per kw-hr. Of this expenditure 
of 2.12 kw-hr. the formation of the nitric oxide utilized 

43,000 

1 : 829,400 = 2-35 per cent, 

and the sensible heat imparted to the active gases to raise 



601 


19151 SUMMERS: ATMOSPHERIC NITROGEN 


their temperature to form two molecules of NO required 35,728 
calories,’so this represented 


35,728 

1,829,400 


= 1.95 per cent, 


while the heating of inert nitrogen and oxygen, or that portion 
of the air which was not utilized but which was heated to the 
furnace temperature, was represented by 


1,750,672 

1,829,400 


95.7 per cent. 


These calculations, while open to some criticism on account of 
the uncertainty of the figures for specific heat and its change 
with temperature, closely approximate the conditions, and in¬ 
dicate that low concentrations of NO when formed from thermal 
reactions are extremely wasteful. If concentrations of 10 per 
cent NO are obtained with temperatures of 4200 deg. to 4300 deg. 
cent, the yields may be increased to 135 to 140 grams of HNOs 
per kw-hr., but the greatest saving in energy vdll result in 
utilizing other than purely thermal energy. While thermal 
energy may be produced more cheaply directly from fuel, its 
temperature possibilities are again lunited by the inert gases 
of combustion if air is the source of these. 

Hausser has commercially applied a process for utilizing coke 


oven gases by means of an explosion bomb. The amounts of excess 
gases may be limited and the intimate mixture of combustible 
and oxygen due to pre-compression of the charge permits of high 
combustion temperatures being reached. Fig. 5 shows ^ this 
borhb having a capacity of 1600 cu. cm. The gases, either 
illuminating or coke oven gases, enter through the inlet after 
previously exhausting the air by means of the air pump outlet. 
Means are provided at a for injecting under high pressure a 
spray of water to cool the products as quickly as possible. The 
ignition takes place at Z by means of a high-tension spark and the 
explosion is propagated outward from this point and the vapor 

condenses on the enamel lining of the bomb. . 

With this device Hausser obtained a temperature of 21001 an 
concentrations of NO of 0.5 per cent.. The temperature cal¬ 
culated from the assumed figures for specific heat 
concentration of 0.3 per cent for eq^bnum by 
calculation and Hausser sought to explain this increase of yield 
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as due to a chemical reaction induced by photo-chemical effects 
similar to the ionization by ultra-violet or actinic rays of light. 
The maximum yields were 99 grams of HNO3 per cu. m. of gas, 
or equivalent to 6.2 lb. of HNO 3 per 1000 ft. of gas. A commer¬ 
cial plant on this .system has been installed in Germany. This 
low concentration of NO greatly complicates the commercial 
application, as the absorbing devices are more cumbersome and 
the percentages of loss are higher. 

Method of Utilizing NO. All of the above nitric acid processes 
utilize the reaction 

2 NO + O 2 Iz; 2 NO 2 



which is an exothermic one for the formation of the peroxide, 
and if the temperatures are controlled, side reactions can be 
prevented and equilibrium can be maintained with only a small 
percentage of NO remaining. The gases after leaving the fur¬ 
naces are usually carried through waste heat boilers where 50 to 
60 per cent of the heat is .utilized for steam production. They 
are then cooled in aluminum pipe coolers and allowed to enter 
a gas holder where time is given to form the peroxide. The 
products then enter counter-current absorption towers where 
the reaction with water forms 

2NO2 + H2O = HNO3 + HNO2 
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The nitrous acid HNOjis further oxidized and utilized to fom 
HNO 3 in contact with the excess oxygen in the gases and with 
the absorbing water. The final recovery is usually made by 
circulating the gases through two towers of weak alkaline solu 
tion, such as sodium carbonate, and this is converted into sodium 
nitrate and into sodium nitrite, and recovered byevaporation;the 
final products are a combined nitrate-nitrite of sodium. A normal 
circulation over three absorbing towers gives an acid of about 
30 per cent concentration but this can be increased to 45 or 50 
per cent by recirculating over the first tower. Further concen¬ 
trations are usually made by evaporation. , AU of these processes 
are simplified by increased concentrations of NO in the imtial 
reaction. About two to three per cent of the original NO is 
discharged in the waste gases from the absorbing towers. It ^ 
will be noted that one great advantage of these processes is that 
they require the handling of only air, gas and water up to the time 
the nitric acid is formed in. the absorbing towers, so that the 
simplest handling devices suffice, and the labor is a minimum; 
also no chemicals are required until the final washing with the 
alkaline solution- in the absorbing towers, and this may be a 
cheap solution such as lime water if conditions make it desirable. 

Cyanamide Process. The very low fields, representing less • 
than 5 per cent of the energy expended and amounting to 65 
kw-hr. per kg. of N fixed, naturally have turned attention to 
chemical reactions as a means of increasing the yields. One of 
the most important of these is the process for making cyanamide, 
CaCN 2 . As a separate paper is to be presented here covering 

this subject, we will only generalize. ^ _ 

The endothermic reaction and the heating of the materials 
entering into the calcium carbide reaction have an approximate 
theoretical value of 3.1 kw-hr. per kg. produced, whereas it 
requires about 4 kw-hr. to produce a kg. of 85 per cent calcium 
carbide in the best practise. For 100 per cent carbide it 
would require 4.7 kw-hr. and the efficiency, is therefore. 


— = 66 per cent. 

4: . 7 

The union of carbide and nitrogen is exothermic when a sufficient 
temperature is reached,so the actual expenditure of energy for this 
reaction is not in excess of 0.1 to 0.2 kw-hr. additional for the 
fixation of the nitrogen. We require further the preparation 
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of the nitrogen, and the grinding of the carbide to prepare it for 
the nitrogen treatment. The cyanamide can be used directly 
in the fertilizer industry, but for use in the chemical industries 
it must be decomposed to form ammonia, or if nitric acid is 
required it must be made from the ammonia by some process 
such as the Ostwald contact procesg. We may figure, however, 
that the yield for a given amount of electric energy, which amounts 
to about 16.6 kw-hr. per kg. of N fixed, is from four to five times 
the yield of the direct nitric acid processes, while offsetting this 
is the cost of preparing the nitrogen, the cost of chemicals, the 
handling of materials at high temperature, and the many factors 

making up manufacturing costs. 

The Serpek Process. The Serpek process is typical and has 
• been quite extensively introduced commercially. The reaction 
is represented by the equation 

AI2O3 + 3 C + N2 = 2 A 1 N + 3 CO 

The reacting temperature for best results is claimed to be 1800 
deg. to 1900 deg. cent., but no effort is made to define the equilib¬ 
rium conditions and it is very evident that where CO enters so 
actively into the reaction the temperatures can be materially 
altered by a change in the partial pressures of the N and CO. 
One of the most interesting features of this process is that the 
impure AI2O3 in the form of bauxite is fed into the furnace to¬ 
gether with coal and the sensible heat is therefore partially 
derived from the coal. Neglecting the specific heats of the 
solids, the endothermic reaction requires three kw-hr. per kg. of 
aluminum nitride, having an approximate content of 26 to 34 
per cent N; it would require therefore 9 to 10 kw-hr. per kg. of 
N under the best conditions if the coal and producer gas were 
capable of supplying all the heat energy needed to produce the 
required temperature in the gaseous and solid products. In the 
case of cyanamide it requires about 4 kg. of high-grade carbide 
per kg. of nitrogen, or a kg. of N requires 16 kw-hr. under favor¬ 
able conditions and about 0.2 kw-hr. for heating the carbide, 
against 10 to 12 kw-hr. in the Serpek process. If all energy were 
supplied from the electric source the Serpek process would require 
practically the same electrical energy as the cyanamide process. 

There is a distinct advantage in being able to use.producer 
gas in place of preparing purified nitrogen and there is a further 
advantage in conducting the process with one operation. In 
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practise Serpek uses a revolving barrel furnace of the resistance 
type, the resistance convsisting of a squirrel-cage construction which 
continually agitates the material as it passes through. In all 
nitride reactions this is essential, as the materials become coated 
with a covering which protects the interior and prevents further 
absorption of nitrogen. Serpek feeds bauxite and coal from a 
producer type of furnace into this revolving electric furnace 
and the sensible heat is thus utilized to heat the material as it 
travels to the electric furnace. The product is discharged from the 
electric furnace as aluminum nitride with a content of 26 per 
cent to 34 per cent N. 

The aluminum nitride can be treated with steam and the N 
converted into ammonia or the ammonia may be converted into 
nitric acid. Serpek claims a process for converting the nitride 
directly into nitric acid, but no details are available. One draw¬ 
back to . using bauxite is that the resulting aluminum oxide is 
more difficult to use than the impure bauxite and the process 
does not work as economically. It is probable that some cheap 
catalytic agents may be found to substitute for the bauxite, but 
otherwise the Serpek process should necessarily find its greatest 
application in connection with the reduction of aluminum. 

Haber Catalytic Process. One other process which has at¬ 
tracted marked attention on account of the scientific eminence 
of its inventor as well as the commercial results obtained is the 
Haber process for the synthesis of ammonia directly from its 
components N and H. This means that there must be a supply 
of these elements available or they must be cheaply produced. 
The reaction is an exotheimic one producing 11,000 calories per 
gram-molecule so the problem is not so much the energy consump¬ 
tion as the peculiarities of the reaction 

N 2 + 3 H 2 = 2 NH 3 

The ammonia formed is practically decomposed at 750 deg. cent. 
It has been difficult to get any substance to react with the 
N at this low temperature, and while the nitrogen was made 
active toward many substances it was easy to decompose the 
resulting NH 3 into its constituent molecules and all yields ob¬ 
tained were too low to justify commercial results. Haber’s 
success seems due more to ingenuity in constructing his appara¬ 
tus and to the discovery of a suitable catalyzer than to any de¬ 
parture from previously known principles. The fact that one 
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molecule of N and three of H form only two molecules of am¬ 
monia indicates that the volume occupied by the ammonia will 
occupy only one-half the space occupied by its constituent gases 
and hence this contraction of volume will be assisted by pressure. 
Haber increased the pressure on the reacting gases to 200 atmos¬ 
pheres, and as a catalyzer he used uranium. He found at 500 
deg. cent, he could react on the nitrogen and upwards of 8 per 
cent of ammonia could be formed before equilibrium took place. 
By using limited amounts of N and an excess of H the equilibrium 
pressures were adjusted well within the decomposition limits 
of temperatures and by withdrawing the gases from the catalyzer 
as they reached equilibrium the process was made continuous. 
The fact that decomposing ammonia creates a most destructive 
corrosive agent had to be met and the retorts had to be made 
strong enough to stand the effects of the high pressure, and also 
possible explosions, as hydrogen compressed to 200 atmospheres 
and heated to 500 deg. cent, is a most active agent in the pres- 
sence of impurities such as oxygen, sulphur, etc. The retorts 
can be made of very moderate size, and a number of them used, 
and by heating internally with electric resistance the shells are 
not subject to the effects of temperature, so the process seems 
to have met with very pronounced technical success.- The 
consumption of energy for heating the gases is very slight as 
the exothermic reaction will compensate largely for the heat 
required to release this. 

The preparation of the N and H and the compression to 200 
atmospheres will represent the greatest costs of production. 
It will be noted that all products are handled in the gaseous 
condition, being most favorable for low labor costs. The am¬ 
monia is extracted from the mixture of N and H by slightly 
cooling the gases until the point of liquefaction of amrnonia 
is reached and the ammonia condenses out. The remaining 
gases are passed back to the retort without sacrificing the orig¬ 
inal pressure nf compression. The work done on the g^es is 
thus reduced to a minimum and equilibrium can be continually 
disturbed by withdrawing the products without heavy losses 
This process involves the expenditure of approximately 1-5 
kw-hr. per kg. of N and therefore represents the lowestf consump¬ 
tion of energy of any of the fixation processes. 

From an engineering point of view the various processes must 
be considered from other than the technical standpoint, the 
question of particular application being the guiding considera¬ 
tion in most cases. 
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IV — Tub Economics of Nitrogen Fixation 

Fertilizers. In considering nitrogen fixation, and its relation 
to fertilizers we must remember it is only one of the three im- 
portant ingredients of fertilizers, ffie other two being phos¬ 
phorus and potassium. It is possible to obtain nitrogen from the 
atmosphere and transfer it to the soil by means of nitrifying 
bacteria which may be cultivated by such plant life as the le¬ 
gumes, to which family belong the clover and alfalfa. These 
plants have a nodule on the stem which is the seat of the bacterial 
activity and if the plants containing this nitrogen are returned 
to the soil the soil may be enriched in nitrogen, but the crop 
must be sacrificed or partially so. Whenpt is not desirable to 
plant these nitrifying crops recourse must be had to nitrogen 
in the form of fertilizer. Unfortunately all crops deprive the 
soil of fertility, and in the case of phosphorus and potassium 
converted into the crops, these must actually be replaced, or 
barren soil will eventually result. Each soil must be treated 
for the particular crop it is to bear and usually there are fixed 
mixtures whicli become standard for various crops. These mix¬ 
tures contain the nitrogen, the phosphorus and the potassium 
in varying amounts. The output of nitrogen from a chemical 
works would ordinarily be shipped to these fertilizer manufac¬ 
turers unless the chemical works desired to manufacture the 
mixed fertilizers. 

Of all the processes we have considered, the cyanamide is the 
only one which manufactures a product which is in a form to go 
into the fertilizer market direct. The nitric acid processes must 
unite the acid with some alkaline base such as sodium, lime or 
ammonia and the ammonia processes must unite the product 
with an acid such as sulphuric or nitric. The nitride processes 
can hardly afford to ship the nitride, as it is combined with an ore 
or base such as aluminum oxide which may be more desirable 
in the aluminum industry, as the fertihzer industry will pay 
only on a nitrogen basis. 

Prices of Nitrogen, In general the price of combined nitro¬ 
gen, as we have seen, is fixed by the price of Chile nitrate. Thus 
if this sells for two cents per lb. and contains 15 per cent N the 
price per lb. of N is 13.2 cents and this in turn would make 
the price of ammonia sulphate having 21 per cent of nitrogen 
2.7 cents per lb. These have been current prices. In consider¬ 
ing the prod-action of nitrogen products, it woidd seem that 
while these prices control nitrogen for the fertilizer industry, 
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it would be desirable to produce if possible products which are 
manufactured from these crude products, and thus avoid direct 
competition with the natural products. Nitnc acid of com¬ 
merce is manufactured from soda nitrate by treatment ^wit 
sulphuric acid, about 72 per cent ot the sodium nitrate being 
nitric acid. As the by-products of this operation only partial y 
pay the costs, the manufacturing costs leave the nitnc aci 
with a value of 50 per cent over the value as nitrate.^ Hence a 
chemical works could afford to produce nitnc acid when i 
could not afford to add a manufacturing cost to produce a fer¬ 
tilizer from the nitric acid and then sell it in competition with 


the crude Chile nitrate. ^ j 

A large portion of the phosphate rock of this country is treaoe 

with sulphuric acid to form the so-called superphosphates. 

If nitric acid is used in place of sulphuric acid the superphos¬ 
phate can be produced at the same time as a fertilizer of hme 
nitrate, or if preferred a high concentration of phosphonc aci 
can be produced from lower grade phosphate rock. Indus nes 
of this kind promise more favorable results commercially than 
does the direct production of fertilizer. If low grade-products 
are manufactured at close prices a very large volume of business 
is a necessity, and works of this character and magnitude are 
more apt to be a result of successful development^ rather than 
an initial venture in a field beset with uncertainties as to the 
profits and the chances of a development of other processes 

reducing these if they are problematical. . , . :i 

Costs of Making Products. Let us consider more rn detail 
some of the costs. We may assume approximately that the 
labor and repairs in furnace room and absorbing 
cost $10 per ton of nitric acid and if nitnc aad seUmg f^ 
$60 per ton, we have a margin for power cost, interest, gene 
expense, etc., of $50, and if we produce 500 kg. of 
watt-year it will require two kw-yr. per metnc ton or $25 pe 
kilowatt-year, and we must absorb all 

general expense in this. If the yield can be made 550 kg. per 
Lowatt-yL and we can sell for $60 per short to^ we wiU 
require 1.8 kw-yr. or $28 per kw-yr. We must assume that 
the product'does not have to be packed for shipment and tha 
there are no selling costs involved, and we must figure ^on an 
output so that our units may be large enough to bring the 
vestment in plant down to $80 per ton of acid so annual 
charge may be $8 or net $20 per kilowatt-year, and if $5 are 
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allowed for general expense the best we can do will be about 
$15.00 per kilowatt-year. 

We see it would be hopeless to attempt to put this acid into 
a product to compete with the fertilizer prices, for they are some 
50 per cent lower in selling price, and it will involve a cost for 
some raw material to mix with the acid, the cost of manufacture 
and a packing and shipping charge. We must then abandon 
any idea of making fertilizer from nitric acid prepared by the 
direct oxidation of atmospheric nitrogen in the electric arc until 
such time as we can improve the very low efficiency due to the 
thermodynamic limitations of the reaction. We can only hope 
to utilize this process in the manufacture of nitric acid coupled 
with some other product which will procure for it a higher price. 
There is, for example, a limited demand for the nitrite of sodium 
NaN 02 used in the dye industry, and this is manufactured by 
reducing nitric acid with molten lead, thereby adding another 
manufacturing operation to the acid cost. This nitrite may 
be cheaply made by taking a mixture of NO and NO 2 such as 
we would have in parts of the system and passing it into water 
or sodium hydroxide, thus 

NO 2 + NO + H 2 O = 2 HNO 2 


^ 4NO + 2 NaOH = N 2 O + 2 NaN02 + H 2 O 

and this process would produce a product selling for four to 
five cents per lb. We must remember, however, that the price 
of nitric acid is not a fixture and that a cheap combined nitro¬ 
gen fertilizer will cut the price of sodium nitrate and hence the 
price of nitric acid. W^e are confronted, then, with the fact that 
all processes will be affected by the success of any one process 
that is a large enough success to affect the market conditions 
of combined nitrogen and upset the ruling prices in the fertilizer 
industry. It is useless to look only to cheap power as a solution 
of this problem, as the real solution is in the improvement of 

processes. 

Let us roughly compare the power requirements of the pro¬ 
cesses as we have outlined them above and we find 


Direct oxidizing of atmospheric nitrogen 5 per 
cent efficiency, yield at 550 kg. per kw-year, 

requires per kg. of N... • • 

Cyanamide process 66 per cent efficiency in carbide 
1 per cent loss in heating to combine with N, re¬ 
quires per kg. of N,... 

Also preparation of N. 


65 kw-hr. 

16.6 
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Aluminum nitride using coal to heat products to 
temperature of reaction requires per kg. of N....... 12 kw-hr. 

Catalytic method of combining N and H to form 

ammonia, requires per kg of N.... 1-5 “ 

Also preparation N and H, refrigeration, and com¬ 
pression to 200 atmospheres. 


The general tendency abroad in figuring the cost of water 
power is to give only the operating costs, and frorn this one 
sees costs of producing power figured at from 50 cents to $1.00 
per kilowatt-year, and in using these figures erroneous ideas 
have been widely circulated. In this country it has been stand¬ 
ard practise to consider the investment in the power plant, 
that is, the cost of the development and the property, as fixing 
very largely the cost of producing the power. It is quite com¬ 
mon to have labor and supplies cost not more than one dollar 
per kilowatt-year, but this would not be considered as represent¬ 
ing the cost of the power. Where a chemical ind-ustry owns 
the hydroelectric power plant as well as the chemical works, 
the foreign practise is inclined to consider the investment as a 
whole and apportion the costs of operation to the various de¬ 
partments, while interest on the capital is charged to the profits. 
The costs of producing power are therefore uniformly much lower 
than we are accustomed to figure on. There are many plants 
in operation in the chemical industries abroad whose re^ costs 
of producing power are no lower than many of the more avore 


locations in this country. _ ^ 

Off-Peak Loads. One of the chief interests in the chewca 

utilization of electrical energy is centered in the possibilities 

of off-peak or ofi-season loads, as Amencan plants gener^y 

have a certain proportion of power which can be disposed of to 

better advantage than sellmg the entire ou^tput as low-pnce 

power to chemical industries. This off-peak power is i c 

to utilize in furnace work, where the cooling of the furnace ^ 

its charge is an important factor both from the standpomt of 

cost and of output, and again, adjustments may be so disturbed 

from an interrupted output as to be absolutely impracticable^ 

(5ne of the possible solutions fox off-peak uti^nation app^rs to >e 

in the adoption of some system where fuel is also utih^d an 

the radiation losses are not excessive under conditions of ban e 

fire when the electric portion of the heat energy J 
Some of these combination processes tuay pra^e n solution 
of the off-peak load situation more attractive than the straight 
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electric furnace, which is difficult to cool down entirely without 
unduly affecting the conditions. In all plants the volume of 
output is the determining factor in absorbing the general over¬ 
head charges, and any intermittence must diminish output, with 
its accompanying disadvantages. 

If the furnace could be operated on the off-season load and its 
product stored, and the chemical works utilizing this product 
could operate on a normal schedule, this would form one solu¬ 
tion ; or another would be if by chance the off-season power were 
available at the time the greatest demands were to be met, such 
as preparing a fertilizer product at the season of fall rains for 
the early spring delivery. All of these plans, however, suggest 
the necessity of operating at least a portion of the plant continu¬ 
ously in order to meet fixed charges and preserve an operating 
organization. If the chemical works requires a moderate amount 
of power for its processes in year-round operation and only its 
surplus for manufacturing its crude material at the off season 
peak it promisesdhe greatest possibilities. 

The future of nitrogen fixation is alluring and promises many 
(^ 0 Y 0 ]^Qp];j 20 Xits along lines other than those .we have considered, 
but already the market has felt the effects of these various pro¬ 
cesses, and instead of nitrogen being figured at thirteen cents per 
pound, it is confidently predicted it will very shortly find its 
level at a selling price of about eight cents, making a cost of pro¬ 
duction of five to six cents per pound and thus reducing sodium 
nitrate to about 1.33 cents per pound, or approximately $30 per 
long ton, and the lower grade mines will feel this and be forced 

to curtail. ^ n 

It therefore seems very certain that before 25 years shall have 

elapsed since Sir Wm. Crookes made his memorable address, 

the Chile nitrate beds will have vastly curtailed their production, 

not from exhaustion but from the inroads made by the onward 

advance of chemical and electrochemical engineering. 
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Discussion on “ Fixation op Atmospheric Nitrogen,” 
(Summers), New York, March 12, 1915. 

Joseph W. Richards: In considering the arc process, we can 
say that it is essentially an electrochemical process. Last summer 

1 had the pleasure of visiting the largest of these plants in opera¬ 
tion at Rjukanfos, in Norway. In a valley that five years ago 
contained five houses, there is now a town of ten thousand 
inhabitants, with a power plant of 250,000 h.p., and they are 
shipping their products practically all over the world. 

The cyanamide process had also its origin in an electrochemical 
establishment. Mr. Wilson, down in the South, tried to make 
aluminum in an electric furnace. ■ He put some lime in the furnace, 
accidentally niaking calcium carbide. That was the root of the 
cyanamide process, so that it is essentially electrochemical in 
its origin. 

The Serpek process originated in the discovery that metallic 
aluminum could absorb nitrogen from the air, and that the pro¬ 
duct when acted upon by water gave off ammonia, giving rise 
in thg mind of Mr. Serpek to a commercial method for manu¬ 
facturing aluminum nitride, and decomposing it to get ammonia. 

The thing that makes these processes most interesting is 
their wonderful inefficiency from the thermal and energy stand¬ 
point. Regarding the 250,000 h.p. used in Rjukanfos, Norway, 
there is actually utilized for the chemical operation 3500 h.p. 
All the rest of the 250,000 h.p. is lost, the efficiency of that opera¬ 
tion being about 1.4 per cent on the power used. We were used 
to such inefficient operations in the past, in such cases, for 
example, as melting crucible steel, which had a fuel efficiency of 

2 per cent; but in so many cases have we progressed that the 
wonderful room for improvement here is one of the most striking, 
one of the most interesting and most attractive things about the 
whole subject to the electrochemical engineer. 

The cyanamide process, however, does considerably better 
as far as power consumption is concerned, and it rises to over 6 
per cent, as I calculate the thermal efficiency. From Mr. Wash¬ 
burn’s remarks,* the very favorable comparison of the cyanamide 
process to the arc process probably has its deepest root in the 
higher thermal efficiency. The -Serpek process, if it could be 
worked, would be approximately of the same thermal efficiency 
as the cyanamide process, but up to the present time it has not 
been commercially operative, although perhaps a half million 
dollars have been spent upon experimental work. One cannot 
help feeling, however, that something may result from that 
expenditure and that by some modifications of their fundamental 
ideas, as to how to conduct the process, the process may become 
commercially successful. 

The Serpek process produces alumina as a by-product. If it 
produced aU the alumina required in the aluminum industry, 

*‘‘The Cyanamid Process”, by Prank B.-Washburn. Presented at 
joint session with Am. Blectrochem.. Soc. 



613 


1915] DISCUSSION AT NEW YORK 

there would be only 40,000 tons of nitrogen produced yearly as 

a maximum. x 

Theoretically the union of nitrogen with oxygen at 100 per 

cent efficiency should give about one kilogram of nitrogen per 
h.p-hr., or approximately 1320 g. of nitrogen per kw-hr. ihe 
cyanamide process gives about 70, and the arc process about lo, 
so that the great room for improvement is at once evident. 

The possibility of converting the ammonia produced^ irom 
cyanamide into nitric acid by a highly efficient process is un¬ 
doubtedly an important question. I have seen one such process 
in operation at between 90 and 95 per cent efficiency on 
the ammonia produced. All these small details of the operation 
of the process fade, I think, when considering “the therrna 
inefficiency and the great room for improvement which is stiii 
possible. . It is such a rapidly advancing art that I do not wonder 
that the putting of money into buildings gives one ^eat con¬ 
cern, because there is no knowing at any^ time but what some 
electrical engineer, or electrochemical engineer wnl come a ong 
with a process about twice as efficient. This efficiency ^ould 
threaten to scrap all the processes now in operation, ihe 
whole subject appeals to us all as being one of the best applica¬ 
tions of modern chemical and electrical science to industry one 
which has an immense, almost inconceivable, future. 

J. L. R. Hayden (by letter): In the discussion of the limita¬ 
tions of the arc furnace process the possible concentrations are 
calculated on the basis of the thermodynamic equilibrium, though 
the work of Haber makes it very doubtful whether the arc 

furnace process is a thermodynamic one. 

An extensive series of investigations, which I made some years 
ago in Dr. Steinmetz’s laboratory, led me to the conclusion that 
in the fixation of nitrogen by the electric arc^ the conditions oi 
thermodynamic equilibrium are of secondary, if of any, moment, 
and the process is essentially an electric one. A series of 
ments with arcs of different temperature seemed to show no direct 
relation of the NO concentration to the arc temperature^^ 
depending on the arc stream material. In order of their NO 
producing efficiency, the arc electrode materials arranged them¬ 
selves in the following order: 

Iron: Highest NO concentration, 

Titanium, 

Carbon, 

Copper: Lowest concentration. . , . - 

While the order of the boiling points of these materials is: 

Carbon: Above 3600 deg. cent. 

Titanium: About 2700 deg. cent. 

Iron* 2450 deg. cent. 

Copper: 2310 deg. cent. ^ ^ 

Carbon, of the highest arc temperature, is very low in effi¬ 
ciency, while iron and copper, with approximately the same arc 

temperature, are at the opposite ends of the scale. 
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With low-temperature arcs, as the mercury arc, it is easily 
possible to get concentrations above those representing the 
thermodynamic equilibrium. 

From this and other results of the investigation, I am led to 
the conclusion that the NO production by the electric arc is 
essentially a dissociation phenomenon. In the arc stream, the 
molecules of oxygen and nitrogen are dissociated into free atoms, 
and when leaving the arc stream, these atoms. combine with 
each other by the probability law. As air contains four times 
as much nitrogen as oxygen, each oxygen atom has four times as 
much chance to find a nitrogen atom as an oxygen atom, and 
thus four NO would be formed for every O 2 ^and in the same 
manner four N 2 for every NO. The gases leaving the arc stream 
should, therefore, be a mixture containing 32 per cent NO. 
As at high temperature the reaction velocity is extremely^ high, 
the NO concentration rapidly falls to the low concentration of 
the. thermodynamic equilibrium. The more rapidly the gases 
are cooled down to the temperature where the reaction velocity 
is low, that is, the mixture stable, the higher a percentage of NO 
would be preserved. Also, the lower the initial temperature— 
that is, the arc temperature—the higher, with the same rate of 
cooling, should be the NO production. The low-temperature 
arc therefore should be the most efficient. In agreement with 
this is the above table, where, with the exception of copper, the 
materials arrange themselves in their efficiency of NO produc¬ 
tion about inversely to their boiling points. The abnormally low 
efficiency of copper may be explained by the tendency to in¬ 
stability of the copper arc. 

David B. Rushmore: In all the talk of conservation that has 
been going on for the last few years, we have had a great deal 
that was thoroughly high-class and desirable, and a greS.t deal 
that was not. Practically nothing has been said about the fact 
that our civilization is absolutely founded on from four to six 
inches of soil on the surface of this earth, and the conservation 
of that thin layer is an absolute, necessity. We in this country 
have not yet learned very much about how to do it. 

Now, the object we are after, or one-of. the objects in manu¬ 
facturing nitrogen products, is not necessarily to make the 
cheapest fertilizer. What we are after is the cheapest finished 
product, and in many cases the finished product of one industry 
is the raw material of another. The finished product of the 
fertilizer industry is the raw material of the agricultural industry, 
and that is very little understood. As Mr. Washburn has just 
said about the manganese sulphate, you used to hear a man just 
becoming interested in agriculture talk about fertilizing as if it 
was the simplest thing in the world—you simply analyze an apple 
on the tree, find what is the percentage of the different elements 
in it, spread these elements at the root of the tree, and that is 
ah. As a matter of fact, there is a vast deal to learn-—how the 
elements of the fertilizers react upon each other, and react upon 
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the elements that are already in the soil; how they become avail¬ 
able for plant life. We must also bear in mind the fact that the 
operation of fertilizers in a grove of trees must necessarily be 
intermittent, that it is affected by a certain amount of rainfall 
and sunshine, which evaporates and washes away the constituents 
of the fertilizer, and also that the action of bacteria is just begin¬ 
ning to be understood. This leads us to suppose that our present 
mode of applying fertilizers to plant life is probably extremely 
crude and inefficient, and that we know but a very small per¬ 
centage of what ought to be known of the best form in which 
these fertilizers should be applied. 

A point of view not generally understood and appreciated is the 
close relation between the production, transmission, transporta¬ 
tion and distribution of energy and of commodities. Mr. Wash¬ 
burn brought out a point in regard to the necessity of nearby 
water transportation which is extremely interesting and is very 
important; 'and also the point that a great deal of the interest 
in nitrogen processes is because of the hedthy and well-founded 
search on the part of our power companies for a load for their 
excess capacity and for an intermittent demand. 

If Mr. Washburn’s statement in regard to transportation is 
accepted in a very definite sense, it woidd mean that water power 
if removed from water transportation could not look forward to 
this load, but water powers removed from water transportation 
- are often surrounded by very large agricultural regions. These 
must be fertilized in some way, arid might as well draw on a 
center of local supply—-take it somewhere between the Mississippi 
and the Pacific Coast—as to ship in fertilizer from one end. I 
am sure Mr. Washburn, who is most unusually situated as a nitro¬ 
gen manufacturer and a water-power operator, simply did not go 

into the detail of his meaning. ' • t. 

To me one of the most interesting things brought out in the 
first paper is the reason for the limitation of the process along 
certain lines. I happened to know people who were experirnent- 
ing—1 am not sure how intelligently—on improvements of the 
arc process; without a knowledge of the fundamental factors that 
enter into the situation, and without knowing just the part 
played by the electric field, which has not been mentione to 
night, the temperature and pressure and velocity of change. It 
seems to me without this knowledge a very great dem ot blinu 
and expensive experimenting would necessarily follow, it 
is not clear to my mind why the electric field, which can work 
on the oxygen molecule to dissociate the atoms in the fom of 
ozone, and if compressed a little further, as we “ 

nitrous oxid—why that electric field could not be a possible factor 

in a procoss of this Icind. ™ r, •j.'u f .-Vi^ 

Charles A. Doremus: Provost Edgar F. Smith of the Utm 

versity of Pennsylvania has written a book on Chemis ry 
America. ’ ’ In that volume he gives three repnnts; one a paper 
by Robert Hare, a member of the Philadelphia Chemical Society, 
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written in 1801. Hare gives a picture of the oxy-hydrogen ap¬ 
paratus and his blowpipe, and it has taken us seventy-five years to 
come to the practical use of the process of oxy-hydrogen welding 
and cutting, and the oxy-acetylene process. The second is an 
annual address by Henry P. Smith, of that same society, de¬ 
livered in 1798, worthy of reading, as showing the wide knowledge 
that these men possessed of the possibilities of chemistry in this 
country and the influence of that science upon the growth of the 
nation. The last is an address delivered in 1801 by Dr. Felix 
Pascalis, in which he refers to the manufacture of nitric acid from 
the nitrogen of the air, by the improved apparatus of citizen 
Guyton de Morveau. 

It has required a world conflagration to make us appreciate 
our possibilities, and there is no more fertile ground to work on 
in this country than that which Mr. Washburn has pointed out. 

F. V. Henshaw: I ask Mr. Washburn if he will be kind enough 
to elaborate a little further on the necessities of location. Is the 
necessity for a cyanamide plant being on tide water, or where 
there is water transportation, based on the requirements for raw 
materials, or has it any connection with the shipment of finished 
products? 

Frank B. Washburn: In my reference to the limitations of 
the interior point of manufacture, I had in mind the manufac¬ 
turing of ammonia phosphate, which requires not only the raw 
materials used in cyanamiding, but also phosphate rock. Phos¬ 
phate rock is found in this country practically in only" two places, 
in the state of Florida and the state of Tennessee. It is a low- 
grade material, and its transportation by water from^ Florida is 
very cheap. Its transportation by rail to the interior is very 
expensive. If it were purely a question of a cyanarnide factory, 
there are interior points that would serve the agricultural re¬ 
quirements of the neighborhood and environment, just as Mr. 
Rushmore surmises. Beyond all that, my remarks were affected 
by the broad plan which those who have given the subject 
consideration, think must be adopted to make the best success 
of a modern nitrogen undertaking. It has got to be a case of 
concentration, of a large organization made up of the very best 
skilled and selected men that can be found. In anything which 
has to do with the electric industry, there is a tremendous advant¬ 
age in manufacturing at one point, because almost every process 
gives rise to what may prove to be the raw material for an addi¬ 
tional process. Therein lies the success for the Germans, and 
therein lies the handicap of the United States in going into the 
chemical industry and taking, as many of us have discussed and 
debated doing, the trade during the time that the German in¬ 
dustries are idle. 

Therefore, from that point of view we have not considered, and 
of course could not consider, locating in a great many places. 
The cost of transportation of raw materials—phosphate rock, 
for instance—^from almost any part of the Atlantic, in fact from 
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down on the west coast of Florida into Canada, by water, is 
cheaper than the transportation of that same material out of 
Florida a few miles north of the Florida border by rail. The 
transportation of coal which is converted into coke has many of 
the same aspects. The transportation of the finished product 
has to be done at the cost of handling it and loading it into the 
ship and out of it, as the boats would otherwise return empty from 
any large water-power plant having deep sea entrance. Practi¬ 
cally the same conditions apply to our investigations on the 


west coast. 

So, as a general statement, the practical thing to do.in a great 
manufacturing industry, employing water power running into 
the hundreds of thousands of horse power, is to locate within a 
seventy-five cent barge rate of New Orleans on the Mississippi 
River system, or upon d.eep water, or where deep water can be 
reached readily on the Pacific or Atlantic coast. 

F. V. Henshaw: What would be the relative tonnage in the 
phosphate ammonia process,—the tonnage of the raw material 

and finished product, 5 to 1, 10 to 1? 

Frank B. Washburn: J think in the case of ammonia and 


phosphate it would be 4 to 1, probably. ^ 

Leland L. Summers: I want to answer Mr. Rushmore s 
question, as it seems to apply particularly to the point I raised: 
Why is not the electrical effect of the arcing system with its 
ionizing element, of tnemendous importance? The electron 
effects under partial pressure are very pronounced. The ques¬ 
tion arises, why should we not use such a process as the arcing 
system, where there is a tremendous magnetic field distorting 
the arc, so that the flame expands into a wheel six or eight feet 
in diameter and sounds like a battery of artillery when you 
open the furnace? It is amazing that there should not be a more 
pronounced electronic or ionizing effect. The truth is, at these 
temperatures dissociation is so active that though you have an elec¬ 
trical effect you cannot remove the product with ^ sufficient 
rapidity. The final effect in all the arcing processes is due to 

‘“fST regard to otonieing and low-tempera- 

ture work. Ozone is produced almost entirely at low tempera¬ 
ture If YOU use an incandescent wire and liquid air, you can 
produce ozone, so that, you might refngerate oxygen some 
time in an active form. You might activate nitro^ ^Z-nduce 
perature, and hold the oxygen in a more active fom, produ^ 
chill, and in that way produce a greater effect and be free from 
this temperature of dissociation. It is Y - * 

It has been experimentally done 

obtained, but I do not know of any actual applications com 
mercially. 
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APPLICATION OF ELECTRICITY TO THE ORE HAND¬ 
LING INDUSTRY 


BY C. D. GILPIN 


Abstract of Paper 

The paper gives a general description of the typical method of 
handling ore from the mine to the blast furnace, describing in a 
general way the machinery used in the different steps of the 
process. The general principles underlying the application of 
electric motors to these various types of machines are discussed, 
as well as the class of motors best adapted to the work and the 
considerations in regard to the power installation. _ The es¬ 
sential points to be considered are: 1, the determination of the 
shortest path over which the ore is to travel; 2, the determina¬ 
tion of the characteristics of the loads in moving ore through this 
path; 3, the designing of the electrical equipment to carry 
these loads with minimum peak and maximum reliability, 
and 4, installation of a substation that will handle the load 
satisfactorily and most economically, considering both demand 
charges and the total kilowatt-hours used. 

I N DISCUSSING the application of electricity to the iron 
ore handling industry it is the writer’s intention to por¬ 
tray in a broad manner the nature of the problems which are 
encountered, and the general principles which should be kept in 
view. Detailed descriptions of the method of making the neces¬ 
sary calculations are now available in at least one of the later 
handbooks, and the electrical apparatus used for this class of 
work is fully described in the publications of the various manu¬ 
facturers. It can easily happen, however, that the electrical 
engineer may lose sight of one or more of the points described 
herein, or -that the purchaser of an ore handling plant may find 
himself saddled with an equipment for which the cost of power 

is unduly hxgh. 

Before describing the correct methods of appl 3 dng electrical 
apparatus to ore handling machinery it will, perhaps, be best to 
give a brief description of the types of such machines as are in 
general use. The typical course of the ore from the mine to the 
blast furnace is as follows, this description applying particularly 
to the business as it is carried on in the Great Lakes district: 
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After being mined in the upper lake region, the ore is carried 
in special hopper-bottom cars to one of the nearby shipping 
points, where it is dumped by gravity into large bins. These 
bins are connected to the hold of the vessel by means of spouts, 
so that loading is accomplished simply and in a very short time. 
The vessel then carries the ore to one of the ports on Lake Erie 
or Lake Michigan, where its cargo is taken out by means of 
large unloaders and is either placed on railroad cars or is stored 
in a stock pile for future use. After being loaded on the cars 
the ore is carried to the point of ultimate consumption, where it 
is usually unloaded by means of a car dumper. At this point two 
general schemes of handling the material may be used, the first 
consisting of a movable car dumper which travels along one side 
of a stock yard, into which it dumps the ore, and the second 
consisting of a fixed car dumper which dumps each freight car 
into an electrically propelled transfer car having gates in the 



bottom especially adapted to allow the ore to run out cleanly. 
In the latter case the transfer car deposits its load directly into 
the bins which serve the furnace skip hoist; or, if these bins are 
already full, the ore may be allowed to fall down an incline into 
the stock yard, from which it is reclaimed by means of a bucket¬ 
handling gantry crane and is placed in the furnace bins as it is 
needed. In this paper, the discussion will be limited to the 
operations of unloading the boat at the dock and the unloading, 
stocking and reclaiming of the^ ore at the blast furnace. 

Fig. 1 shows a side elevation of a dock equipped with one or 
more crane-type unloaders in combination with a rehandling 
.gantry crane. The unloader is provided with a trolley which 
runs out over the hatches of the vessel'; a clam-shell bucket 
is then lowered into the hold, and the loaded bucket is hoisted 
and trolleyed back either to a bin which feeds the freight cars, 
or to a space in the rear of the unloader, from which it is picked 
up by a bucket carried on the gantry crane trolley, and is placed 
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in storage. From this storage pile the ore is eventually re¬ 
claimed by the stock pile gantry and is loaded on railroad cars. 
The crane type unloader is essentially the same as the stock pile 
gantry, and the principles which apply to one will apply to the 
other. 



Fig. 2 shows a. Hulett unloader in conjunction with a gantry 
crane. In this type of unloader the bucket is suspended from 
a walking beam by means of a stiff structural leg, the operator 
riding directly above the bucket. This leg is held steady by 
means of an equalizer and may be rotated at will. The walking 
beam is carried on. a large trolley which moves the loaded bucket 



back over a bin, into which the ore is dumped. From tHs bm 
the ore is fed as desired into a larry car, which carries it either 
to a point above an empty railroad car or else deposits it on the 
ground in the rear of the unloader. there to be cared for by the 

gantry crane. . 

Fig. 3 shows the end elevation of a movable car dumper. 
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With this type of dumper the car is pushed up a short incline 
by means of the locomotive until it rests on the L-shaped rotat¬ 
able member. When this member is turned over, the contents 
of the car slide down a chute into the stock pile, the car being 
held in place by means of counterweighted clamps. The empty 
car is then rotated back into its former position, from which it is 
displaced by the impact of a new car. The machinery for opera¬ 
ting the L-shaped member or cradle, and also for producing the 
longitudinal motion along the track, is located in the house at 
the top of the dumper. 

Fig. 4 shows a side elevation of a fixed car dumper. The car 
is dumped in the same way as with a movable dumper, but with 
this type of machine it is necessary to haul the loaded cars up an 
incline and onto the cradle by means of what is known as a. 
“ mule,” which consists of a small carriage running on a track 



between the freight car rails. This mule may be lowered into a 
pit in the bottom of the incline, from which it emerges after the 
loaded car has passed over it. The machinery is general y o- 
cated in a house beneath the incline oil which the mule operates. 

The gantry crane for reclaiming the ore at the blast furnace 
is usually of the same general type as that used at the dock, 
except that when its capacity is small and its span is short, 
both the- operating mechanism and the operator may be locate 
on a fixed part of the bridge. The ropes for hand.ling the bucket 
are then carried out to a small trolley which is little more than 

a number of sheaves mounted on. a carriage. 

- In considering the problems to be dealt with it will be found 
that the forces encountered consist either of gravity, accelera¬ 
tion or friction—^the latter being understood to be the force 
ultimately overcome by the mechanism and not the inadental 





1915] 


GILPIN: ORE HANDLING 


623 


friction in the train of gears. Both the gravity and friction 
loads produce a similar effect upon the motor, except that in the 
former case the motor must resist the force of gravity when 
lowering by means of dynamic braking. In both cases, however, 
the tendency is for the mechanism to run at a constant speed as 
soon as the starting resistance in the armature circuit has been 
cut out. When acceleration, begins to be a considerable part of 
the total load while starting, conditions become changed, es¬ 
pecially in the case where a series-wound motor is used. If the 
motor torque required while short-circuiting the resistance is 
greater than the torque required by the final load, it is evident 
that at the instant when all the resistance is cut out the motor 
torque may be much larger than is necessary, and will therefore 
tend to speed up the load, until it reaches a point of equilibrium. 
Where the original accelerating force is high compared to the final 
force, this process of speeding up may consume a very considerable 

part of the total time of the trip. 

It may be of interest to make a few simple calculations which 
will show to what extent the force of acceleration must be 
reckoned with’in the various motions of an unloader or gantry 
crane. The most important motions of these ihachines consist 
of the bucket hoist, the trolley travel and the longitudinal travel. 
Taking first the hoist, we may assume a maximum speed of 300 
ft. per min. or five ft. per sec., which is greater than is usually 
used. It will hardly be necessary to accelerate the bucket in 
less than two seconds; the acceleration A will therefore equal 

5 2, or 2.5 feet per sec. per second. 

If the weight of the load is W, then the force of acceleration 


Fa 


W 


g 


X d = 0.078 W 


While the flywheel effects of the armature and the hoist¬ 
ing mechanism have not been considered, yet their inclusion 
would not add very greatly to the required force of accekration, 
which is seen to be unimportant compared to the gravity load. 
For the same reason retardation, if accomplished in a reasona e 
time, wll not add very greatly to the dynamic 
incident to lowering, unless the lowenng speed is allowed to he- 

Trolley speeds may vary from 200 ft. per min. for a Hulett 

unloader to 1200 ft. per min. or even higher, for 

Ses having very long spans. Since with a troUey mechanism 
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it is essential to get under way as quickly as possible, the relation 
of the acceleration force to that of wheel rim friction may be 
stated as follows: 

Using W as the weight of the combined trolley and load, and 
a value for A of 2.5 ft. per sec. per second, (which experiments 
by the writer seem to indicate as a maximum value considered 
comfortable by the operator), then 

p = E X 2.5 == 0.078 W 
g 

The average wheel rixn friction load may be roughly taken as 
25 lb. per ton. Therefore, 

Friction force = Ff = 2q^ X W = 0.0125 W 

By combining these two equations it will be found that 

Fa = 6.2 Ff 


It is obvious that motors for handling loads of this type must 
have a very high peak capacity, and in case they are of the series- 
wound type the final speed of the mechanism will very greatly 
exceed the speed attained when the last section of resistance is 
cut out. 

To determine the distance traveled and the current consump¬ 
tion at any instant, for a trolley mechanism driven by a series- 
wound motor, it is necessary to use a step by step method, 
assuming a series of constantly decreasing torque values on the 
characteristic curve of the motor, thereby determining the aver¬ 
age available accelerating force for each increment, and conse¬ 
quently the time necessary to accelerate through the increment 
of speed. This method has often been fully described, but a 
brief outline of it may be of interest. 

After assuming the trolley gearing, a constant between torque 
and force and between trolley ft. per sec. and armature rev. per 
min. must be worked out. Ti, which represents the average torque 
while short-circuiting resistance, will be obtained by combin¬ 
ing friction torque T/and acceleration torque Tai, the former being 
calculated from the wheel rim frifction force Ff and the latter 
being derived from acceleration force Fai, which in turn should 
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be calculated from the highest value of acceleration that the 
operator can comfortably stand. By the use of the charac¬ 
teristic curves of the motor the value of the motor rev. per min. 
can be found for the torque value of Ti, and from this can be 
derived the trolley velocity 7i. Then, if Ai is the value which 
has been chosen for acceleration while resistance is being short- 
circuited, 

Time h = Vi Ai 
Distance = Z>i = l/2/i X Vi. 

T% is next arbitrarily assumed on the motor curve together 
with its corresponding value of F 2 . Then, 


Ta 2 = T 2 — Tf, Fa 2 = kTa 2 i Average Fa = 


+ Fa2 


Average A — 


G X Average Fa 
W 


Also, 

h 


V2-V1 , 

, V2— 7^ X H 


Average A 


In this way a curve may be plotted with time as the abscissa 
and speed and the distance, traveled as the ordinates. Horse 
power and amperes may also be included reading the motor 
curve for the various values of T. 

Retardation should be taken at about the same value as was 
figured for the initial acceleration during the short-circuiting 
of the resistance. 

In considering the longitudinal motion, which is used quite 
infrequently, it is evident that rapid acceleration is not at all 
important. The longitudinal speed wall seldom exceed 120 ft. 
per min. or two ft, per sec .5 ib this speed is taken as the value 
attained when the resistance is all cut out, and if the latter 
operation consumes four seconds, the value of A wall be 0.5 
ft, per sec. per second, which will give a value for Fa of approxi¬ 
mately 0.0155. Allowing 40 pounds of wheel rim friction per 
ton, owing to the fact that the ratio of wheel to axle diameter 
is generally small and the lubrication not always of the best, 
Ff will have a value of 0.02BF- Therefore, 


Ff = Fa X 


0.02 

0.0155 


= 1.29 Fa 



626 


GILPIN^ ORE HANDLING 


[ March 18 


As a matter of fact it is usual to provide a longitudinal travel 
motor capable of propelling the machine against a wind 

pressure—a load which will usually equal the friction load or 
even exceed it by 50 per cent. During ordinary operation, 
therefore, there will be plenty of motor capacity for accelera¬ 
tion, but the peak to be carried when starting against a heavy 

wind should be carefully investigated. 

For movable car dumpers, unloaders and gantry cranes of short 
span, the longitudinal travel motor is almost invariably mounted 
in a house somewhere along the bridge structure, the power 
being transmitted to at least half of the wheels of each truck 
by a system of spur and bevel gears. In this case the operator 
is often located, close to the mechanism, which is usually sup¬ 
plied with a mechanical brake which may be released only by 
the application of the operator’s weight. A brake of this nature 
can be applied gradually, thus avoiding the shock to the mechan¬ 
ism consequent to the sudden application of a solenoid bra.ke. 

On long span gantry cranes it is often desirable to place one 
or more motors on each truck in order to avoid the expense 
and the friction losses incident to the squaring shaft used 
with a single motor bevel gear drive. With this construction it 
has been found that there is little tendency for one end of the 
crane to run ahead of the other, no matter what type of motor 
may be used, Separate controllers are of course necessary for 
each end of the crane, and safety devices should be provided 
to prevent the structure from being twisted in case one end 
gets too far ahead of .the other. Moreover the motors must be- 
supplied with solenoid brakes, which should preferably be 
of a kind in which the full braking force is not applied 

suddenly. _ -j • 

In the foregoing calculations on acceleration no consideration 

has been given to the flywheel effect of the armature. I^i^* 5 
shows a curve in which the flywheel effect [Wt. X (rad. gyr.)^] 
of a number of armatures has been plotted against their horse 
power. The values given are obtained by averaging the actual 
values for several lines of standard d-c. mill motors. A curve 
of this kind may be useful at times for making preliniinary 

calculations. 

The best plan for estimating the effect of the armature in¬ 
ertia is to translate the weight of the armature into terms of 
the moving load. Since in the case of a trolley motion the speed 
of the series motors is. constantly varying, a gear ratio of some 
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sort must be assumed before any calculations can be made. 
As the equivalent weight of the armature is given at one ft. 
radius, the speed of this weight will equal 2 tt rev. per min.; 
and since by the assumption of a gear ratio there has been 
established a definite relation between motor rev. per min. 
and load feet per min., the armature weight may be stated in 
terms of load weight by multiplying it by the .square of its 
equivalent speed and dividing by the square of the load speed. 
Owing to the fact that when figuring acceleration, the accelera¬ 
ting force required at the load must be divided by the efficiency 
(expressed as a decimal) in order to allow for the losses in gear¬ 
ing, it will be necessary to multiply the equivalent motor 
weight by the efficiency before adding it to the load weight, 
since the accelerating force for the armature does not have to 



Fig. 5—Composite Curve of Flywheel Effect of Three Different 

Makes of Mill Motors 


be transmitted through the gearing. With the usual type of 
trolley used in ore handling machinery, the acceleration of the 
trolley motor armatures may amount to ten per cent of the 
total. When calculating the capacity of the motor for any 
kind of 'work with which the engineer is not familiar, it is well 
to look into the matter of armature acceleration. 

It has been seen that in all trolley motions acceleration is 
the main feature, while in longitudinal traverse motions it is 
less important, and in hoisting motions it is of little moment. 
Transfer cars in this respect may be classed with the trolleys, v hile 
the cradle turning motion of the usual type of car dumper is 

equivalentto ahoist. The mule haulage of a fixed car dumpems a 
combination of the two types of load, since the acceleration of the 
car to a speed of anywhere from 200 ft. to 400 ft. per minute 
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is a considerable item. This acceleration, however, takes place 
before the car gets well onto the grade, so that it is not or¬ 
dinarily combined with the gravity load. - It may be added that 
this mule haulage motion is one in which the writer has found 
that the flywheel effect of the armatures is a matter worth 
flguring, owing to the fact that the mule is run down the grade 
at a much higher rate of speed than normal and must be re¬ 
tarded very rapidly as it enters the mule pit. 

Referring again to the subject of hoists, the engineer should 
give due consideration to the question of lowering, which in 
any bucket handling device is likely to require a very con¬ 
siderable negative force to be exerted by the hoisting mechanism. 
The question of dynamic braking has been gone into so often 
and so thoroughly that the writer will merely say that it is 
practically indispensable for lowering large buckets and the 
like. The dynamic braking current should be calculated in 
order to ascertain its heating effect on the motor. This cal¬ 
culation should be made by the use of the characteristic curve 
of the motor, it being borne in mind that the motor torque, 
and not motor horse power, is the thing to be first obtained. 
This torque will, of course, be reduced by the gearing losses 
instead of increased as in hoisting. 

The speed of lowering may be increased considerably over 
the hoisting speed by increasing the resistance in the armature 
circuit, but care should be taken that the armature voltage does 
not rise very much above its normal'.value—a point that may 
easily be checked after the dynamic braking current has been 
calculated. While the current produced by the armature may 
be returned to the line, yet this requires a more complicated 
form of controller than is usually used, and is moreover gen¬ 
erally practicable for one speed of lowering only. Up to the 
present, the great effort in the ore handling industry has been 
to secure reliability rather than any nicety of current'economy 
and in the future reliability will still be the main consideration, 
since delays may possibly tie up a ship or even a blast furnace. 

In entering upon the consideration of an ore handling prob¬ 
lem, the electrical engineer rnust have a fairly definite knowl¬ 
edge of how much ore it is, required to handle per hour, per 
day and per year. The hourly rate will affect the gearing and 
also the peak load; the daily rate will affect the heating of the 
motors; while the yearly rate will determine the number of 
kilowatt-hours on which figures for power are to be based. 
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After determining the minimum time in which the average 
round trip or cycle of a given machine is to be made, the en¬ 
gineer should draw a mental picture of the shortest path for 
the ore to travel. The hoist and trolley motions should then 
be geared so that when operating as nearly simultaneously as 
possible they will carry the ore through this short path. In 
other words, it is poor engineering to install a hoist motor which 
will raise the load to the required height long before the trolley 
has reached the end of its travel. A rather more common error 
is to gear the trolley motion entirely too high, so that it is 
necessary to hoist for a convsiderable length of time before start¬ 
ing to traverse the trolley. Occasionally trolleys are so improperly 
geared that they may cover almost half their average travel 
before the resistance is all cut out of the armature circuit. 
This is probably due to the fact that some designers persist 
in believing that the nominal speed of a series motor prevails 
under all load conditions. Gearing of this kind overloads the 
motors, produces high peak demands on the source of power, 
and is very unsuitable indeed where there are many short 
motions to be made. 

Having determined the proper gear ratios for carrying out 
the desired cycle of operation successfully, the engineer should 
check up his motor by plotting a current curve. With enclosed 
motors the root-mean-square method may be used, taking the 
total time of the cycle as the divisor. This method is not strictly 
accurate, but has been found to be a good guide. The only 
scientific way that the writer has seen to determine the heating 
of an enclosed motor is one which has been recently brought 
out by one of the large electrical companies. With this method 
the radiating capacity in watts for each frame is given and 
curves are furnished showing the motor loss in watts for various 
loads. The average watts which must be dissipated by the 
motor for a given cycle can thus be determined. 

With open type motors the root-mean-square method is also 
generally used for figuring the heating, but it should be re¬ 
membered that this type of motor is more dependent on the 
rotation of its armature for heat dissipation than is the enclosed 
motor. The writer has been accustomed to estimate the equiva¬ 
lent value of the time when the motor is accelerating or re¬ 
tarding as being equal to two-thirds of the full-speed running 
time, the time at rest being taken as equal to about one-third 
of the running time; thus if the cycle of operation of a given 
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motor be 60 seconds, of which 30 seconds are consumed in run¬ 
ning at full speed, 12 seconds in accelerating and retarding, 
while for 18 seconds the motor is at rest, then the total equiva¬ 
lent time will be 30 seconds plus 8 seconds plus 6 seconds, which 
equals 44 seconds. The latter value then would be used as 
the divisor under the radical in determining the r.m.s. current. 

While mill motors are usually rated on the horse power which 
they will develop for one hour with a rise of 75 deg. cent., 
open type motors may either be given their continuous rating 
at 40 deg. cent, or may have a nominal rating of about 50 per 
cent above their continuous capacity. The nominal ratings 
of motors afford a basis of comparison between similar motors 
of the same type, and give some idea of the commutating capac¬ 
ity of the motor. They are not particularly valuable in any 
other way, as it is the continuous heat-dissipating ability of 
the motor which is essential for severe all-day operation. 

With most ore handling machinery the limitations of space 
do not permit the installation of the ordinary open type motor; - 
moreover the mill type of motor is generally preferable on ac¬ 
count of its high momentary overload capacity and its sturdy 
mechanical construction. It will often be found, however, that 
an enclosed motor of this type, while in other ways ideal for the 
work, may have insufficient heating capacity for all-day service. 
In such cases, if the motor can be protected, a semi-enclosed 
type of frame may generally be obtained, which will give, a 
greatly increased heating capacity. With machines of the car- 
dumper type, where there is plenty of room in the machinery 
house, open type three-bearing motors are commonly used. 

After the engineer has chosen his motors and plotted his current 
curves for each of the essential motions of his ore handling ma¬ 
chines, the curves for one machine should be combined to show the 
current input to the machine for its average cycle, care being taken 
not to include dynamic braking current. The current curves for 
the other machines should then be combined with the first one in 
order to find the characteristics of the load for the total plant. 
Where there are two unloaders at work the writer generally 
assumes that an average condition will be for one unloader to 
..be a quarter of a cycle in advance of the other, this being a 
mean between the condition where the machines are in syn¬ 
chronism and where they are half a cycle apart. Due provision, 
however, must be made for handling an occasional exceptional 
peak due to simultaneous operation of the important functions. 
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Where there are a number of unloaders working together the 
writer generally figures that half of them may be in synchronism 
at the same time. This is a question to answer which the engineer 
must use h.is best judgment, combined with considerable 
patience in trying out various combinations of load cycles. 
It is obvious, however, that the peak loads of a number of ma¬ 
chines will very seldom come at the same time; in such cases it is 
better to let the circuit breaker open than to provide the neces¬ 
sary equipnaent for handling such an unusual condition. 

^ With an installation which obtains its current from the power 
house of a large steel mill, the question of peak load is not very 
serious. In the case of an isolated dock, however, a complete 
generating station must be built, or else power must be pur¬ 
chased—and in both of these cases the form of the load curve is 
very important. It will usually be found that the public service 
corporations will supply power at a cost which is slightly under 
the cost of generating the power at the dock, if the proper allow¬ 
ances be made for depreciation, possibility of accidents, etc. 
Since purchased power is almost invariably in the form of al¬ 
ternating current, the possibility of using a-c. apparatus is a 
question that is always with us. Where machines of the type 
of the Htilett stiff-legged unloader are used—and these machines 
unload most of the ore on the Great Lakes—alternating current 
is out of the question. The Hulett machine owes much of its 
success to hhe fact that the'operator is in close proximity to his 
work, and can gage distances to within a very few inches. 
Without the use of a delicate system of control, which is possible 
only with direct-current dynamic braking, this advantage would 

be largely lost. ’ ^ i • 

For transfer cars, direct current is almost essential, since 

such, cars are best propelled by railway or mine typ dmect- 

current motors. An a-c. motor of simHar size, even if designed 

for axle suspension, would hardly have sufficient torque to obtain 


apid acceleration. 

Bucket handling gantry cranes and crane type unloaders can 
se alternating- current if their hoist motions^ are provided 
nth dynamic braking. THs dynamic braffing is obtained by 
xciting one phase of the stator from a smalUow-voltage ffirec - 
urrent motor-generator set, the resistance in the rotor circmt 
.eing changed to obtain the vanous changes in speed. Thi 
ystin is not absolutely reliable, however, as the dynaimc dyking 
Sru^ depends very considerably on the proper combmatiy of 
Srsperf and Jistsnta, and is likely to be lost almost en- 
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tirely if too rapid a retardation is attempted. The trolley travel 
motors are also not nearly as satisfactory, since all the accelera¬ 
tion must be obtained while short-circuiting the starting resist¬ 
ance, whereas with a series d-c. motor this operation will prob¬ 
ably bring the motor only up to half speed, the rest of the in¬ 
crease of speed being attained after the resistance is cut out. 
The a-c. trolley motor, therefore, may often be badly overloaded 
while starting, yet after acceleration it may be underloaded 
to such an extent that its power factor is very bad indeed. 

The writer believes that a fairly successful a-c. car dumper 
may be designed, although it would cost more than a d-c. 
machine and would undoubtedly give more trouble. There might 
be cases, however, where the installation of such a machine would 
be justifiable, provided that the required rate of handling ore 
were not very high nor the continuity of operation very important. 

It should be borne in mind when comparing a.c. withd.c. that 
while mill type motors may be obtained for 25-cycle circuits, 
the 60-cycle motors obtainable are all of the open type, requiring 
protection from the weather; these motors should usually be 
provided with an outboard bearing when their ratings exceed 
25 horse power. The number of parts of the control systems 
should also be considered. 

Before the final decision has been made as to whether 
alternating or direct current is to be used, the power contract 
offered should be carefully inspected. • This contract will invari¬ 
ably provide a charge for each kilowatt of demand, this charge 
being usually from one to two dollars per month. The way 
the demand is figured, however, varies quite widely with different 
power companies; with some it is the shortest peak which can be 
detected by a curve-drawing instrument, while with -others it 
is the average of the load for the worst hour during the month. 
Other companies base their demand charge on the capacity of 
the transformers in the substation, but in this case they some¬ 
times allow themselves the option of installing a curve-drawing 
instrument, determining their charge by a certain per cent of the 
indicated peak for a given time if such peak shows a higher 
monthly charge than could be calculated from the rating of the 
transformers. 

Where the ore handling machinery is operated by a-c. motors 
thereis little that can be done toward reducing demand charges, but 
if a substati on with motor-generator sets or synchronous converters 
is installed, there is a possibility of diminishing these charges under 
certain conditions. When the demand is based on a peak lasting 
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five seconds or less, a synchronous converter plant with a fly¬ 
wheel balancer is usually applicable. This flywheel balancer is 
a shunt-wound d-c. machine which is connected across the bus¬ 
bars, and which sometimes acts as a motor and at other times as 
a generator. It has coupled to one end of its shaft a laminated 
flywheel running at very high speed. When the peak load comes 
on, the regulating apparatus strengthens the field of the balancer 
so that it generates direct current into- the busbars until its speed 
—and consequently that of the flywheel has been reduced to the 
value corresponding to the strengthened field. After the peak 
load is over, the field is automatically weakened and the balancer 
gradually brings the flywheel up to its former speed. 

The synchronous converter substation, provided where neces¬ 
sary with a flywheel balancer, will generally be found to be cheaper 
and' more economical of power than a motor-generator station. 


the flywheel equipment in both cases being equal. The motor- 
generator set, however, may be better in certain cases. For 
one thing, the direct voltage can be more easily controlled; 
but the principal advantage is in cases where the demand 
charge is based upon the rating of the connected apparatus. 
Since the size of the d-c. machine will almost always be governed 
by its commutating capacity, it is evident that the a-c. apparatus 
supplying it with power may have a much smaller continuous 
rating. Now, a comparatively small flywheel will prevent the 
motor of the motor-generator set from pulling out of step, and 


even if the speed falls off considerably a voltage regulator can 
be used at the direct-current end if a steady voltage is necessary. 
An installation of this kind is, therefore, worthy of consideration 
under the proper conditions. 

The meter charge for power furnished is often graduated, 
decreasing as the quantity of power consumed increases; in some 
cases the rate for the last gradation maybe as low as 0.5 cent per 
kw-hr. and under favorable circumstances the combined peak and 
meter rate may be less than one cent per kw-hr. While it will usu¬ 
ally be found that any economies in power consumption affect the 
lower rather than the higher power rates, still in certain instances 
such economies may tend to reduce the demand charge. For in¬ 
stance, series-parallel control will reduce the starting peak of a 
trolley mechanism or a transfer car very considerably, and may 
also be profitably employed in mechanisms such, as those of car 
dumper cradle hoists or mule haulages; thus the demand charge 
for the whole installation is lowered. This system is not always 
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adapted to bucket hoists, however, as there is usually one inde¬ 
pendent motor and controller for each of the two parts of cable 
by which the motion of the bucket is controlled. In case series- 
parallel control should be used with a hoist motion, care should be 
taken to choose a type which passes from series to parallel 
smoothly. This point is particularly applicable where com¬ 
pound-wound motors are used, owing to the back e. m. f. which 
is always, present in the moving armatures of such motors. 

When choosing the motors for ore handling equipment, 
preference should be given to the mill type where the room 
is restricted and where momentary overloads are severe 
and often repeated. Enclosed crane motors are satisfac¬ 
tory in the smaller sizes for less severe and less frequent 
service, while open type motors are excellent for service of the 
car dumper type where heating is quite a factor but where 
overloads are not very severe. As stated before, either railway 
or mine type motors may be used with transfer cars, but if the 
latter are installed they should probably have a better margin 
of safety than the former, as they are very compactly built- 
Mine motors are, however, very convenient in some cases, because 
they are designed for low-speed, high-torque work. 

With regard to the type of field winding, experience has shown 
that the series-wound motor is admirable for almost all classes 
of ore handling machinery. Occasionally it is necessary to use 
a compound-wound motor where there is danger of a runaway, 
but the shunt field, especially in the rcwstricted space available 
in a mill motor, is a distinct point of weakness with regard to 
insulation. , ■ 

It is the practise at the present time to install contactor 
type control for every motion of any importance whatever. 
This type of control pays for its increased cost, not only in de¬ 
creased depreciation and maintenance, but also because the 
operator need pay so little attention to it that he is free to con¬ 
centrate his mind upon his work. 

With hoist controllers it is usual to give the operator at least 
one power point in the lowering direction sd that he may. pay 
off slack in case the negative load" is absent. The other 
steps may all be dynamic braking. In any case, the armature 
and field should at all points be included in some kind of a closed 
ciicuit with one another so that there will be no possibility of a 
runaway. 

Trolley controllers usually do not include dynamic braking, 
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and may or may not have series-parallel control, although the 
use of two or more motors on large trolleys is universal in order 
to secure sufficient traction. If dynamic braking is desired, 
the niotor fields should be separately excited so that the motors 
will act as shunt generators. If the connections are such that 
the motors are turned into series generators, not only will the 
armatures have to be reversed for dynamic braking to take place, 
but the braking itself will be very uncertain. At low speeds 
it may entirely fail to materialize, while at high speeds it may 
be over-severe. Probably a good air brake equipment on the 
trolley is preferable to dynamic braking, unless the operator is 
located at a distance from the mechanism. It should be re¬ 
membered also that it is quite safe to ^‘plug’’ the trolley motors 
if a point of high resistance is available to limit the consequent 
rush of current. 

Motor-driven apparatus combined with contactor-type con¬ 
trol is particularly suited for automatic travel limitation. 
Systems of this kind vary from the simple cutting oif of power, 
which is all that is necessary for a bucket hoist, to the slowing 
down by armature shunting and the subsequent re-acceleration, 
which are automatically obtained, in some car dumpers, just 
as the mule engages the loaded car. Dynamic braking, if de¬ 
sired, may also be obtained automatically by means of a limit 

switch. 

Where low speeds are desired ^ with light loads, armature 
shunting is generally used, but where used for retardation one 
"point is often rather unsatisfactory, as it is likely to be too 
violent during the start and too weak toward the end. If 
series-parallel control with compound- wound motors is used, 
half speed may easily be obtained, whether the load is light 
or heavy; but the control should be such that resistance is in¬ 
serted momentarily into the armature circuits during the transi¬ 
tion from parallel to series, so that the current generated back 

into the line will not be excessive. 

Solenoid brakes are used almost universally in ore handhng 
machinery where there is any kind of a gravity load. Possibly 
the best friction surface for such brakes consists of some one 
of the several asbestos compounds which may be obtained, 
although iron shoes bearing on iron brake wheels are often 
used. Solenoid brakes are generally mounted on the arma¬ 
ture shaft of the motor, but in very important mechan¬ 
isms where it is feared that there is a chance of the 
motor pinion failing, the brake wheel may be placed on 
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the countershaft. The series type of winding is preferable as 
far as strength of insulation is concerned, but is impracticable 
where the load is likely at times to decrease to a very low value. 
In such cases a shunt winding should be used, a separate contac¬ 
tor on the controller usually being necessary to handle its circuit. 

While there are several lines of excellent motors on the market, 
detail improvements are still possible in some directions. The 
writer’s experience is not nearly so extended as that of one 
engaged in maintenance work, but the results of his observation 
would indicate that the following points are worth watching: 

Insulation of fields, especially where shunt windings are used. 

The mica in the commutator, which in many cases should 
be undercut. 

The construction of the armature spiders and the bracing 
of the rear ends of the armature coils, which are subjected to 
great strains where motors are allowed to over-speed and are 
then suddenly retarded. 

In spite of the use of commutating poles, sparking at the 
commutator is not uncommon. Where this occurs from ex¬ 
tremely rapid changes in loads, the trouble may possibly be 
that the solid cores of the commutating poles do not respond 
as quickly to the magnetomotive force as do the laminated 
cores of the main poles. In other cases, sparking and com¬ 
mutator heating may be traced to the vibration of the gears. 
The use of cut herringbone gears in such cases often leads to a 
remarkable improvement in commuta-tion. Indeed, it is likely 
that the future will see a very wide use of these gears in the ore 
handling industry. When properly set up their life is long, 
their efficiency high, and noise is almost absent. The makers 
of these gears recommend that the pinion be mounted between 
two independent bearings, with a connection to the motor 
shaft by a flexible coupling. While this is doubtless the ideal 
method, yet in many cases where these gears have replaced 
spur gears without any other change having been made, they 
have given satisfaction. Pinions should be set up, however, 
with due regard to a possible magnetic longitudinal pull of the 
motor shaft. 

With regard to the electrical troubles which may be experienced 
with an ore handling plant as a whole, the writer has found 
that most of them come from a piecemeal method of design 
which often prevails. The purchaser, for instance, will some¬ 
times buy the unloading equipment from one concern and 
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the stock pile gantry from another, while he himself will put 
in the substation apparatus and the contact rails. In this 
way the various parts do not always match as well as they 
should, and in some cases the substation is not of a design 
which is adapted to keeping the power bills at a minimum. 

A consideration of the foregoing will perhaps make it apparent 
that the following points are essential to a well-designed plant: 

The calculation of the shortest path through which the ore 
is to travel. 

The determination of the characteristic of the loads incident 
to moving the ore through this path at the proper number of 
trips per hour. 

The provision of electrical equipment capable of carrying 
these loads with a minimum peak and a maximum of reliability. 

The installation of a substation, if power is to be purchased, 
that will handle the load satisfactorily and will also be best 
suited to the power contract, considering both demand charges 
and the total kilowatt-hours to be used per year. 



638 


[March 18 


APPLICATION OF ELECTRICITY 

Discussion on “ Application of Electricity to Ore 

Handling Industry,” (Gilpin), Cleveland, Ohio, March 

18 , 1915 . 

D. B. Rushmore: In the handling of ore, as well as in the 
handling of a great many commodities by rnechanical means, 
it is very interesting to consider the economic reasons for the 

application of the electric motor. ^ i 

The function of the electric motor in coal and ore handling 

is a little difficult to explain unless one can picture m his rnind 
the different operations. The actual handling of the ore is a 
comparatively’small part of the iron and steel industry, it is 
one of the great number of links in the process of steel manu¬ 
facture, and it is evident, even in the process of handling the ore, 
a large series of operations is involved. The cost oi handling 
the ore is one factor; the time involved is another. 

Consider, for example, the boats plying back and forth on the 
lakes and the old ways of unloading them with wheel-barrows, 
the length of time they were tied up to the docks as compared 
to the present methods of unloading. Even if the piesent w^y 
was more expensive per ton than the old one, it would still pay on 
account of the increased capacity of our modern equipments. 
There are a number of very interesting points brought out 
in Mr. Gilpin’s paper worthy of discussion. It would be inter¬ 
esting to know the cost of the different operations. Such 
of a very great accuracy, are possible to be obtained with the 
electric motor equipments, and by a careful analyvsis of the costs 
there is possible a greater opportunity for saving by increasing 

the capacity than in any other field. 

D. M. Petty: I would like to ask about the relative cost of 
a motor-generator set and synchronous converter for sub¬ 
stations of this kind. I suppose the author has in mind an 
induction motor-driven generator in connection with a flywheel. 
I would like to know whether that is more efficient than a syn¬ 
chronous converter combined with a balancer set^ and if the 
author has any idea of the relative first cost; also if any of the 
members have had much experience with series motors, both 
interpole and non-interpole. There has recently come to my 
attention the possibility that the interpole series motor is not 
doing dynamic braking as satisfactorily as the non-interpole 

motor. - - . 

. R. H. McLain: Regarding the method of figuring motors 

described, I think it might be interesting to some of those present 
to refer to a paper which I prepared last June for the Detroit 
meeting in which I pointed out a method for determining the 
work on trolley motors and determining the proper method to 
gear them. Therein are certain curves plotted between time 
and distance for various maximum gear speeds, and I believe 
their use would eliminate a lot of the tedious work in figuring 
out proper trolley motors so as to take full advantage of their 
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accelerating possibilities. I won’t go into the details of that 
now, but it is explained in my paper. 

There is a word I would like to say about heating in motors. 
I think it is the general experience that an enclosed motor of 
the same weight and approximately the same cost as an open 
motor will do the same work for possibly an hour, or some¬ 
thing near that, which an open motor will do continuously. 
It depends somewhat on the ventilating characteristics, the 
speed of the motor and other things, but that is a fair 
rule for a lot of the motors used in this kind of work. It is 


certainly an advantage to use the open motor for this reason, 
even going to extra expense for protecting the open motor in 
order to permit it to be used where possible. 

About the root-mean-square method of choosing motors, I think 
it is about time that this method was eliminated except for merely 
approximate work, because the losses of a motor do not make a per¬ 
fect parabola, and that assumption is what the root-mean-square 
method depends on. Furthermore, the dissipating effect of a 
frame varies, whether it is enclosed or open, with the amount of 
windage inside of the motor, also whether the motor is turning 
over or standing still. An enclosed motor will have a smaller 
difference of temperature between its frame and its windings 
if the motor is running and keeping the frame hot, so to speak; 
for with the motor* at standstill, the heat inside can not get out 
so well. A great deal of work has been done along the line of 
determining just what motors will do under these varying con¬ 
ditions and it is actually true that, because of the expertness 
that bridge builders have arrived at in the figuring of their 
duty cycles, it is possible to predict that a certain motor will 
not exceed a certain temperature rise. You can also predict 
the temperature it will attain on a complicated duty cycle. 

I am sorry that the author did not go further into the analysis 
of costs on some of these a-c. problems, especially the a-c. car 
dumper on low speed. We are told that for most hoist work, 
the a-c. outfit would cost less than a d-c. outfit. In mine hoists, 
a-c. motors are used to great advantage and I would like to 
ask, if the author has time, that he go somewhat more closely 

into the analysis of a-c. car dumper costs. _ 

H. D. Tames: In the past electrical engineers responsible 

’ for electrically driven apparatus have had trouble t^ecause of 
the careless work that has been done in the selection not oni} ot 
the mechanical parts, but also of the^electncal par s. 

I wish to read one portion of Mr. Gilpm s paper. 

“ With regard to electrical troubles which may be 
enced with an ore handling plant as a whole, the wnter 
that most of them come from -a piecemeal 
wViioh often-nrevails. The purchaser of machinery for a aock, 

for instance, ^1 sometimes buy the uidoachng 

one Joncern! the stock pile gantry from another wMe he put 

in the substation apparatus and the contact rails himself. 
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this way the various parts do not always naatch^ as they 
should, and in some cases the substation is not of a design which 
is well adapted to keeping the power bills at a minimum. 

I might go further and say that very often the purchaser buys 
the several parts of an electrical equipment from various concerns 
without giving each concern the necessary information regarding 
the other apparatus, and sometimes it is very difhcult^ to get 
that apparatus assembled. I would like to speak of an incident 
that happened some eight years ago. The United States Gov¬ 
ernment found that it had a great deal of concrete to handle in 
the Panama Canal and at either end it adopted two methods 
of handling the materials for making this concrete. At one end 
Mr. Gilpin did the engineering work on the outfit and it was so 
well done that the engineer in charge of that work told me there 
was very little trouble throughout the handling of that concrete. 
The trouble with the handling at the other end was not with the 
scheme, I am satisfied. It was because of the lack of proper 
engineering in the working out of details of the scheme. I men¬ 
tion this fact to show that in one case, an electrical equipment 
was condemned and in the other case it was praised. The 
equipment was furnished by the same manufacturing company 
and I believe the large difference was in the engineer who designed 
the apparatus. 

Mr. Gilpin speaks about interpole motors and also a question 
has been raised about interpole motors and dynamic braking. 
I think a great deal of the criticism of the interpole motors has 
been unjust. The interpole motor is a specialized design. It 
can be designed to handle dynamic braking even better than 
the non-commutating pole motor, but you can't go to the shelf 
and take an interpole motor designed for continuous operation 
in one direction and apply it to dynamic .braking. It is only 
fair to the manufacturer of that motor to tell him what ^ you 
are going to do with the motor and get his recommendations. 

In reference to motor-generator sets and synchronous con¬ 
verters, I think that it is largely a question of charging for power. 
Our central stations are becoming more reasonable in their 
demand because they realize the advantage of these ^ all-day 
loads; but the method of measuring power is a considerable 
handicap today. I believe that advances are being made and 
I hope in the near future we will have a better method. 

H. F. Stratton: I would like to see a definition of the limits 
of successful commutation of mill motors. The processes of 
acceleration, reversal and dynamic braking constitute the 
majority of the operations of mill type motors. In all of these 
operations, current peaks must be employed and in order that 
time may be conserved to a reasonable extent the peaks should 
be higher than the normal full-load rating of the motor. Com¬ 
plete and definite information is available as to the character¬ 
istics of the motor insofar as heating, torque, speed, efficiency, 
etc., are concerned; but it has been my experience that these 
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characteristics frequently are of less importance than the ability 
of the motor to commutate. I know of no definite information 
which will enable anyone to say under what conditions of speed, 
how much current may be successfully commutated on any given 
type of mill motors. This lack of information does not involve 
merely a theoretical demand. It seems to^me that, to make the 
information complete in regard to the application of mill motors, 
definite information as to commutating limits is fully as 
important as the information in regard to heating, torque, speed, 
friction and so forth. 

R. R. Selleck: Mr. Gilpin laid particular stress on the 
proper selection of the form of electrical energy which should 
be used for coal and ore handling machinery; that is, whether 
it should be alternating or direct current. This is a very trcmbk- 
some question to every one who has anything to do mth the 
designing of coal and ore handling machinery. The electacal 
engineering problems involved ^ in coal and ore haridhng 
are special, and require experience^ along that particular 
line of work, but the builders of electrical apparatus very often 
in their frantic attempts to get business will take a stand when 
they are not familiar with all of the conditions which must be 
met in a particular application and thus sometimes ^^Ik^ovise 
a customer wrongly. Personallyy I agree with Mr. Gilpin tha 
a-c. motors are not adapted for high-torque work, such as foun 
on coal and ore handling machinery; but of late there has been 
considerable argument on this point and, of course, the question 
always resolves itself into which form of electrical enerp m 
prove the most economical, notwithstanding the fact tha 
Mr. Rushmore has stated, that all these things could be reduced 
to a mathematical formula. However, there may be a difterenc 
of opinion in the assumptions made, and sometimes using one 
man’s opinion as a basis it will figure out that alternating current 
is the better proposition, and using another man s opinion, it 
will figure out that direct current is the better proposition. 

' D. M. Petty: The question with regard to interpole and non- 
interoole motors is not how an interpole motor should be built, 
but refers entirely to the present mill motors as they are duilt. 

J.C Lincoln:' I would like to ask 
nf the method of obtaining the braking in alternating-current 

fundLtand youho say i 

R nrovided and direct current is introduced into cne pnase.^ 
would Eke to Set some of the details of how the rest of the braking 

^’"ATsVied’in ^the body of the paper, the motors considered 

As statea iii wie y freight elevator work and 

are not over 15 or , .P'’ the important consideration 

for small hoists. On these .!;,,.olicitv and freedom from 

is not efficiency, but reliability, simpiiati ana 

line disturbance. 

. aKe^ffitency of.de n.oto. becomes 
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an important consideration, the high-resistance squirrel cage 
motors I have described are not the best thing that can be used. 
On the other hand, I am sure Mr. James will agree with me that 
for the type of motors considered in the paper, the squirrel cage 
motors, from a practical standpoint, have decided superiority 
over the wound-rotor type. ^The paper makes it clear that the 
torque per ampere is higher in the squirrel cage motor than it is 
in a wound-rotor ^motor when lifting the same load. Therefore, 
from the standpoint of the central station man, assuming that 
the motor must exert its maximum torque, the squirrel cage 
motor will produce less line disturbance than the wound-rotor 
motor when doing the same work. 
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LINE DISTURBANCE CAUSED BY SPECIAL SQUIRREL 
CAGE AND WfOUND-ROTOR MOTORS WHEN 
STARTING ELEVATORS AND HOISTS 


BY J. C. LINCOLN 


Abstract of Paper 

The author examines the cause of line disturbances in start¬ 
ing hoists and elevator motors and draws comparison between 
the performance of wound-rotor motors and squirrel cage motors 
of a special design for elevator service. Diagrams are given 
showing graphically the current required for each type of 
motor to produce a given torque, and the method of contml 
required by different types of motors is also considered. Itie 
performances of both types of motors at maximum, ordinary 
and light loads are compared. 


T here is a 'widespread opinion among the engineers of 
many public service companies furnishing electric power, 
that wound-rotor motors are inherently superior^ to squirrel 
cage motors for hoist and elevator drive, and this is shown by 
rules issued by some of the larger companies restricting ^ the 
amount of maximum current that may be supplied to squirrel 
cage motors, -while the restrictions imposed on wound-rotor 
motors are much less rigid. The object of such reflations on 
the part of public ser-wice companies is to minimize line ms- 
turbances and provide as good voltage regulation as possible 


under the actual conditions of service. ^ i: v 

The object of this paper is to examine the causes of me 

disturbances in starting hoist and elevator motors and to detf- 
mine, if possible, if the preference for wound-rotor motors for 

such service is well founded. 

Hoists and elevators are so generally constructed with a 

worm to which the motor is directly connected, enpgmg a 
worm wheel to which the load is attached, that only this type of 

mechanism will be considered in this paper. 

There is a rather remarkable lack of exact knowledge among 
the builders of hoists and elevators as to the amount o torque 
aStuajTy required to star, the load as compared to what would 
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be required if there were no friction. The amount due to fric¬ 
tion is assumed by many of the elevator builders to be 50 per 
cent. To put this in concrete shape, let us assunie that an 
elevator builder has received a contract for an elevator in a dis¬ 
trict where only a-c. power is supplied, which has to lift a load 
of 3000 lb. at a rate of 100 ft. per minute. He will figure the 
weight of the car and provide counterbalance for it, and then, 
in addition, will provide counterbalance for part of the load. 
Usually about 40 per cent of the load is counterbalanced. To 
put it another way, the ordinary 
40 per cent of the maximum, and at 
this load the weight of the car and 
load together equals the counterbal¬ 
ance, so the power required by the 
motor at this load is zero, except for 
friction. At maximum load, this will 
give a net load to be lifted of 1800 lb. 
and the net work done will be 1800 
X 100 = . 180,000 ft-lb. per minute 
or 5.45 h.p. The elevator builder 
would double this for friction, making 
10.9 h.p. and then, if he had figured 
on a close margin of profit, would 
probably use a 10-h.p. motor. He 
knows that all motors are capable of 
some overload and he trusts that the 
overload capacity of the motor, and 
the fact that his particular machine 
has ‘ Wery little friction”, will enable 
him to lift the maximum load. Sup¬ 
pose the motor has a maximum torque corresponding to twice 
the normal rating, then starting efficiency would have to be 

_— = 27 per cent in order that the 3000 lb. may be lifted. 

2 X 10 ^ 

An experience with a number of different machines built by a 
number of different makers shows that the starting efficiency is 
from 15 to 20 per cent. The starting efficiency is determined 

as follows: 

Fig. 1 shows an elevator in outline, the winding drum, the 
worm under oil, the coupling, the motor, a pipe wrench fastened 
to an extension of the motor shaft (or to the worm shaft near the 
couplingif there is no shaft extension on the motor), and aspring 


load is assumed to be 
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scale or balance attached to the handle of the wrench, say 24 in. 
from the center of the motor shaft. Full load is now put on the 
elevator and the brake lifted off, and the spring balance lifted until 
the motor shaft moves in such a direction as to lift the load. 
This test is repeated at say ten or twelve points in a revolution 
of the motor shaft and the maximum lift on the spring balance 
is noted. From this maximum is deducted the dead weight of 
the wrench handle, and the balance is the net force required to 
start the load. Let us assume that the synchronous speed 
of the motor is 900 rev. per min. and that the net lift was 88 lb. 
The horse power developed at 900 rev. per min. would be 

900 X 88 X 2 X 27r ^ 

33,000 

The useful work done at 900 rev. per min. is 5.45 h.p. The 
required starting torque corresponds to 30.2 h.p. at 900 rev. per 


min. 


The starting efficiency in this case is then 


5.45 

30.2 


= 18.1 per 


cent. If the manufacturers of ordinary elevators would multi¬ 
ply the net work done by the elevator by five or six instead of 
two, they would come- closer to the actual torque required to 
start the load with a new hoisting equipment. 

So far only starting efficiency has been considered, for experi¬ 
ence has clearly shown that once the load is started a much 
smaller amount of torque is required to lift it. The reason for 
the greater torque required to start the load over that required 
to lift it is probably due to the fact that there is an opportunity 
for the load to squeeze the oil from between the worm and worm 
wheel and from the bearing that carries the end thrust of the 
worm, so that at the instant of starting the surfaces are dry and 

the metallic surfaces are in direct contact with each other, while 

* 

after starting, oil is carried between the surfaces and during the 
lift the metallic surfaces have a film of oil between them, thus 
greatly lessening the friction. 

In order to obtain an intelligent conception of the best type of 
motor for operating motors and hoists, it will be necessary to 
know approximately the character of the load. We know that 
the starting torque is higher than the running torque. The 
question is, how much higher? Inquiry among the manufac¬ 
turers of gears and elevators and worm drive automobiles, failed 
to give an answer to the question and it was decided to answer 
it by direct experiment on a freight elevator» 
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The elevator selected has been in use for two and a half 
years and has a full load capacity of 3000 lb. It has a steel 
worm and cast iron gear, the worm being entirely under oil. 
The starting torque was found by loading the car with 3000 lb. 
and following the method shown in Fig. 1. The running torque 
was found by carefully measuring the input in watts and deduct¬ 
ing the watts lost in the stator windings and stator iron. The 
difference was, of course, delivered to the rotor, which, taken in 
connection with the synchronous speed, determined the torque. 
The net torque, after deducting the weight of that part of the 
wrench handle carried by the spring balance, was 45 lb. and 
the radius 3 ft. 9 in. The corresponding torque at one ft. 
radius is then 45 X 3.75 = 169 lb. The power supplied to the 
motor in order to lift the load showed a variation of at least 40 
per cent, a little over 10 kw. being required to lift the load on 
some of the up trips and over 14 kw. being required on other trips 
with the same load. Let us take 12 kw. as the average power 
input. The PR loss in the stator coils and the iron loss in the 
stator iron equals at this current approximately 1800 watts. 
There will be, therefore, 10.2 kw. or 13.7 h.p. delivered to the 
rotor. The torque at one ft. radius corresponding to 13.7 h.p. 
equals 80 lb. The running torque is, therefore, about one-half 
of the starting torque on this particular hoisting equipment 
which had been in use two and a half years. 

The gear ratio and drum diameter on this machine were such 
that at synchronous speed of 900 rev. per min. the load would 
be lifted at 70 ft. per minute. The counterbalance was a little 
short, so that the net load lifted when 3000 lb. was put on the 
elevator was about 2100 lb. The useful work done then was 


2100X70 

33,000 


The power delivered to the rotor 


was 13.7 h.p. The running efficiency is therefore = 

32.5 per cent, and the starting efficiency about half of this, or 
about 16 per cent. I believe both the starting and running 
efficiency of this machine are low on account of the cast iron gear, 
and that the starting efficiency of this machine after two and a 
half years of use is about what is obtained by a hoisting equip¬ 
ment with a new bronze gear. 

The voltage drop in any a-c. circuit is due to two factors, 
first, the drop due to ohmic resistance, depending on the amount 
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of current and the resistance of the transformer and connecting 
wires. The other source of drop is dtie to the inductance of the 
transformer and leads. In this paper it will be assumed that 
the drop in the leads and in the primary supply is equal to the 
drop in the transformer. A company manufacturing a standard 
line of three-phase transformers has given me the following 
figures: 

(The figures given are the sums of the IR drops and inductance 
drops given as percentages of the applied voltage.) 


Power Factor 



^ 60% 1 

70% 

80% ! 

90% 

100% 

5 

kw. 

' 2.3% 1 

2.4% 

2.3% 

2-2% 

1.7 % 

7.5 

U 

2.1 " 

2.2 “ 

2.1 « 

2.0 « 

1.55 « 

10 

u 

2.2 “ 

2.2 " 

2.1 « 

2.0 " 

1.45 " 

15 

u 

2.5 “ 

2.5 “ 

2.4 “ 

i 2.1 « 

1.35 “ 

20 

u 

2.6 " 

2.6“ 1 
1 

2 .4 “ 

2.2 “ 

1.35 “ 


It will be seen from this table that in transformers of 15 kw. 
and above, the drop at 70 per cent power factor is nearly twice 
what it is at 100 per cent. At 71 per cent power factor, the real 
watts and the quadrature watts are equal. It is clear from this 
table that the drops are proportional to the current, and further, 
the drops increase as the power factor decreases. 

It will be necessary then to examine the characteristics of 
wound-rotor motors and the special squirrel cage motors re¬ 
ferred to in this paper to determine the currents required to give 
the required torque and the power factor of the currents. 

By what is known as a Heyland circle diagram it is possible 
to show graphically the current required by an induction motor 
to produce a given torque, the maximum torque the motor is 
capable of producing and the power factor under the different 
conditions. 

Fig. 2 is the circle diagram of a slip-ring motor, in which oy 
is the vertical axis, and quantities parallel to chis axis may be 
read as true watts, or as torque, when multiplied by the proper 
constant; ox is the horizontal axis and quantities parallel to this 
axis may be read as quadrature watts; oa represents in length 
the current taken by the motor running light. The angle 
yoa is the angle of lag of the current behind the voltage, and od 
shows the current that will be taken when the short-circuited 
rotor is blocked or cannot revolve. The current that would be 
taken if there were no ohmic resistance in the rotor is represented 
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by oe. The length of the line df represents the torque delivered 
by the motor when all resistance is cut out of the rotor circuit, 
or when the rotor is short-circuited. If resistance equal to 
nearly twice , the resistance of the rotor is inserted into the rotor 
circuit, the current taken by the motor when blocked is reduced 
to oc but the torque is increased to eg. If the resistance in the 
rotor circuit is increased to about 6.5 times that of the rotor, 
the current taken by the motor is decreased to oh and the 
torque changed to hj. 

Ideal Theoretical Operation of Wound-Rotor Motors 

In theoretical ideal operation, a high resistance is inserted in 
the rotor circuit and the primary current would be represented 
by oh at the instant the current is thrown on. The motor is 
supposed to start and if it does, the increase in speed of the rotor 
acts like an increase in the resistance in the rotor circuit, so far 



decreases as the rotor speed increases. The slip is very large on 
account of the large external secondary resistance and after the 
rotor has attained a proper speed, part of this resistance is cut 
out and the total resistance is reduced from 6.5 times to about 
twice the resistance of the rotor. Reducing the resistance of the 
rotor circuit reduces the slip in the rotor, and the speed is there¬ 
fore raised. Cutting out this resistance increases the current 
in the primary, but the speed of the rotor is supposed to be high 
enough when the resistance is cut out so that the primary cur¬ 
rent does not rise above oh. 

After a further increase in speed, the remaining resistance of 
the rotor is cut out and the rotor runs at nearly synchronous 
speed to the end of the trip. It will be noticed that the torque 
per ampere in the starting condition corresponding to ob is 
high, the torque corresponding to the length of the line hj and 
the primary current to oh. Further, the power factor of this 
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current is good, the angle box being large, and therefore its 
cosine is small. It is upon the supposition that slip-ring’motors 
^operate in the manner just described that they are preferred or 
required by many power companies. 

The Actual Operating Conditions 

Let us examine the actual operating conditions. A majority 
of elevator controllers are of the series relay type and are so 
designed that the second step of resistance will not be cut out 
until the motor starts, and the line current, therefore, is reduced 
by the rotation of rotor to less than a predetermined maximum. 
The reason for this is to secure the ideal cycle described above. 
Unfortunately, the motor may have to lift its maximum load 
at times, and therefore, the resistance must be so adjusted that 
the motor will he sure to start. Therefore, instead of the first 
step having a high rotor resistance and a small primary current 
corresponding to oh, Fig. 2, the resistance must be adjusted at a 
much smaller value so as to give the primary current shown in 
Fig. 2, or oc, in order to give the maximum starting torque eg. 

If the torque required to start the elevator is nearly equal to 
the maximum torque the motor will deliver, it will be necessary 
to adjust the secondary resistance to get the maximum torque, 
and therefore the primary current shown in Fig. 2 by oc. The 
torque per ampere with the primary current oh is 30 per cent 
higher than with the current Further, it is likely that in 
adjusting the secondary resistance to give the maximum start¬ 
ing torque this resistance may be too low. If such an adjust¬ 
ment was made for the motor shown in Fig. 2, the current at 
starting might be increased from oc to od but the torque would 
be decreased from eg to df. The torque per ampere, as compared 
with the secondary resistance adjustment that gave the primary 
current oh, would be only a little over one-third. Further, the 
current od has a lower power factor than the current oc and only 
about half the power factor of the current oh. From the stand¬ 
point of the central station man, it is the possibility of bad 
adjustment when the controller is new «and the probability of 
bad adjustment when the controller is old and worn, that consti¬ 
tute the great objection to the wound-rotor motor. 

A Squirrel Cage Motor Designed Especially for Elevator 

' AND Hoist Duty 

The above considerations induced the writer to design, several 
years ago, a special squirrel cage motor for elevator duty. This 
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motor has a rotor of very high resistance, and therefore the maxi¬ 
mum or starting current is only one-third to one-half of what it 
would be with the ordinary squirrel cage motor. The torque at 
starting is about 85 or 90 per cent of the maximum torque the 
motor could deliver with a rotor having such a resistance as to 
give the maximum torque. The characteristics of such a motor 
are shown in the larger circle in Fig. 3. The smaller circle in 
the same figure shows the characteristics of a wound-rotor motor 
with the same stator winding and the same number of slots in 
both stator and rotor. The line bj shows the maximum torque 
of 610 ft-lb. that could be obtained from the motor by a primary 
current ob. . The line ac shows the actual torque that is obtained 
by the use of an extra high resistance rotor. The torque cor¬ 



responding to primary current oa is ac, or 540 ft-lb. This is 
88 per cent of the maximum obtainable torque. The torque per 
ampere with the primary current oa is, however, about 30 per 
cent higher than it would be if a rotor of lower resistance were 
used and a primary current ob was obtained. With a motor of 
this construction it is impossible to obtain large currents at 
low power factors such as would result from an improper adjust¬ 
ment of resistance, or defect in the controller of the wound- 
rotor motor. The torque per ampere and the power factor at 
maximum current are always high. It will be seen that the 
maximum torque that can be obtained from this motor supplied 
with a wound rotor is 470 ft-lb. This would be obtained with a 
current ok which is greater than oa, and also of lower power 
factor. If a maximum torque of say 500 lb. was required it would 
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not be possible to use a wound-rotor motor built with this size 
of frame and a larger frame would have to be used. In Fig. 4, 
the larger circle is a duplicate of the large circle of Fig. Sand shows 
the characteristics of a squirrel cage motor with a special rotor. 
This frame is designed for a 15-h.p. squirrel cage motor for con¬ 
tinuous duty with a 35 deg. temperature rise. The smaller circle 
shows the characteristics of a wound-rotor motor of the next larger 
frame, rated at 20 h.p., for continuous duty at 35 deg. temperature 
rise. It will be seen that the maximum torque of the wound-rotor 
motor is practically the same as that of the squirrel cage, 625 
and 610 ft-lb. repectively. Let us see how the two motors 
compare at the maximum torque of the squirrel cage motor, 
540 ft-lb. The line oa represents the primary current of the 



squirrel cage motor, and ob the primary current of the wouiid- 
rotor motor required to produce the same torque of 540 ft-lb. 
The current ob is a little greater than oa and has a little poorer 

power factor. 

To compare the two motors at light load, I have assumed that 
150 ft-lb. was the torque required of the motor to lift the ordinary 
load on the elevator after starting. Line om shows the primary 
current required by the squirrel cage motor and on the current 
required by the wound-rotor motor.. At ordinary loads, then, 
the wound-rotor motor takes more current and this current has 

a lower power factor. . . 

Our examination, therefore, has shown that the special squirrel 

cage motor is superior to the wound-rotor motor when both 

motors are required to produce the same maximum torque. 
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It is also superior when both motors are running at light loads. 
Let us consider, then, if there are any circumstances under which 
the wound-rotor motor would be superior to the special squirrel 
cage motor. 

If instead of using the standard series relay type of controller 
for the wound-rotor motor, a dash-pot type of controller were 
used, it is clear that if the load on the elevator and the required 
starting torque were small, the wound-rotor motor would start 
up with such a high resistance in the secondary circuit as to give 
a small primary current and much less than the maximum torque. 
Such an installation would start a light load with less primary 
maximum current than the special squirrel cage motor, and if a 
greater torque was required, it could be obtained when the sec¬ 
ond step of resistance was cut out. Experience seems to show, 
however, that such a controller is not satisfactory in practise, 
for only a few are in pse. There are serious objections to 
this type of controller, among which are the following: 

(a) The time required to start the elevator after current is 
thrown on the motor will depend on the adjustment of the dash- 
pot and if this is properly adjusted for light loads, the motor 
will not start with heavy loads until one or more steps of resist¬ 
ance are cut out. Under usual conditions, this leads to an adjust¬ 
ment of the dash-pot that will allow the steps to be cut out much 
too fast, or to an adjustment of the resistance such that the maxi¬ 
mum load will be started on the first step of resistance. If the 
resistance is so adjusted, all the advantages of this type of con¬ 
troller over the series relay type are sacrificed, and any possible 
advantage of the wound-rotor motor over the special squirrel 
cage motor is also sacrificed. 

(b) The adjustment of a dash-pot will not remain constant. 
Changes in the temperature of the dash-pot will affect the adjust¬ 
ment, and the presence of dirt and corrosion will also affect it. 
These causes may be depended upon in time to so alter the time 
of operation of the controller that a change in the adjustment 
of the controller will have to be made. The great danger in 
such a change is that it will allow too rapid a movment of the 
controller. Such a rapid movement with light load on the eleva¬ 
tor will not affect operation, but if the maximum load is put on 
the elevator it is likely that the motor will pass through its posi¬ 
tion of maximum torque (see Fig. 2) before the motor has attained 
much speed, and reach the condition represented by the primary 
current of Fig. 2, in which the torque is only about half the maxi- 
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mum, and in consequence the elevator would stall. This is the 
difficulty that the series relay type of controller eliminates. 

A secondary advantage of the special squirrel cage motor from 
the standpoint of the central station man is its more satisfactory 
service as compared with the wound-rotor motor and its con¬ 
troller. Experience has shown that nearly all the delays and 
troubles on wound-rotor motors are due to small repairs and 
adjustments on the controller, slip rings, brush holders and 
brushes. If the special squirrel cage motor is used, the controller 
slip rings, brush holders, brushes and wound rotor are eliminated; 
therefore, the service is less liable to interruption. It is to the 
interest of the electric power station to have devices on its line 
that give no trouble; for the less trouble experienced, the more 
motors are installed and the more power is used. 


Conclusions 

(1) In a given installation, both the squirrel cage and wound- 
rotor motors must be capable of lifting the heavmst load and 
therefore must be capable of exerting the same maximum torque. 

(2) If the staixdard series relay type of controller is used on 
the wound-rotor motor the maximum torque must be exerted 
on the first step, for sometimes the maximum load has to be 


lifted.* 

(3) If the same maximum torques are exerted by both types 
of motors greater starting currents are required by the wound- 
rotor motors than by the special squirrel cage and these larger 

currents are taken from the supply lines at 

(4) In lifting the ordinary load, which is much less thanjhe 

maximum, more current is required by the wound-rotor m , 
and this current is taken from the lines at P™ "2 

(5) In order that the wound-rotor motor may start ^ 

currLt than the special squirrel cage motor, ^ ^ns of 

stances a controller must be provided in which the_ steps of 

resistance are cut out in "PP™^'^^ "XLr ESe'Sme 
This is best accomplished by means of a 4ash-pot Expemnee 

has shown the dash-pot controller to be subject to so man^ 

troubles that few of them are used. t-miWes 

W Eltoimtion of the htst “““2 

of controller and t bT o2 low- 

cae-e motors will cause more moLors 

■-J.O onri more current to be sold, 
speed elevators and hoists, and more currei 
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Discussion on “ Line Disturbance Caused by Special 
Squirrel Cage and Wound-Rotor Motors when Start¬ 
ing Elevators and Hoists” (Lincoln), Cleveland, 
Ohio, March 18, 1915. 

H. D. James: I was connected for five years with a large 
elevator company and wish to state that this company had very 
good information on the efficiency of its machines. This was 
based on several hundred tests showing the torque required to 
start the elevator and the power required to operate it. 
Undoubtedly Mr. Lincoln is referring to smaller companies that 
have not accumulated much of this information. Mr. Lin¬ 
coln states in his conclusions—’’ If the standard series relay 
type of controller is used on the wound-rotor motor the maxi¬ 
mum torque must be exerted on the first step, for sometimes 
the maximum load has to be lifted.” The torque referred to 
is the torque at the circumference of the hoisting drum and 
the amount of torque exerted by the motor will depend upon 
the gear ratio between the motor and the drum. An elevator 
is sold to lift a specified number of pounds at a specified speed. 
Let us assume that the load is 3000 lb. and it is to be lifted 
at the rate of 100 ft. per min. The motor must be geared to 
the drum to give this speed of car with the load specified. In 
selecting the gearing the synchronous speed of the motor can 
not be used, as an induction motor runs at a spoed less than 
synchronism, depending upon its full load slip. If we assume 
that a cage motor is used having 30 per cent full load slip and 
compare it with a slip ring motor having 4 per cent slip, it is 
readily seen that there is a gear ratio in favor of the slip ring 
motor of approximately 40 per cent. The slip ring motor will 
be required to exert 40 per cent less torque than the squirrel 
cage motor to start the same load. The current taken in start¬ 
ing on the first notch of the controller is the current corres¬ 
ponding to the torque required to start this load. It is not 
the current corresponding to the same torque at the motor 
shaft. Mr. Lincoln points out that the squirrel cage motor 
can be designed to exert a given torque with less amperes in¬ 
put than the slip ring motor. This is true as the squirrel cage 
inotor has a better interlinking of induction between the pri¬ 
mary and secondary than the slip ring motor. This comparison, 
however, is not a true one. It has been shown above that 
the slip ring motor runs at a higher speed than the squirrel 
cage motor and, therefore, has a different gear ratio which 
favors the slip ring motor at starting. In order to compare 
the two motors the torque required to start a given load should 
be determined for each type of motor and the current input at 
this torque compared. An analysis of this kind will show that 
the secondary resistance of a squirrel cage motor can be in¬ 
creased with profit up to a certain point, beyond which the ad- 
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vantages of increased resistance are more than counterbal¬ 
anced by the increased slip of the motor. _ The gear ratio to 
give full speed will increase the torque required from the motor 
faster than the resistance will improve this torque. Where the 
slip ring motor and the squirrel cage motor are both propor¬ 
tioned to give the best results when referred to the speed of the 
car, it will be found that the amperes input to start the load 
will not differ materially in the two designs. 

The slip or speed regulation of the motor bears another im¬ 
portant relation to the elevator. The motor is sometimes 
driven as a generator in lowering loads. This causes the motor 
to run above synchronism at a speed determined by the slip 
of the motor. If this slip is great the difference between the 
speed lifting the load and the speed of lowering the load will 
be so great that it will be difficult to stop the elevator safely 
under the latter conditions. As an example, a motor with 30 
per cent slip is geared to an elevator giving a hoisting speed 
of 100 ft. per min. under full load. In lowering this load the 
speed would be approximately 175 ft. per min. If the slip of 
the motor were reduced to 15 per cent instead of 30 per cent 
the load would be lowered at about 130 ft. per minute. The 
difference between the hoisting and lowering speeds, while 
considerable, is not important with low-speed_ elevators. It 
becomes of increasing importance, however, with an increase 
in the car speed. The modern high-speed traction elevator 
(^gjjia^xids such close speed regulation that this alone determines 
the size of the motor. The above will be very apparent when 
we consider that the car must be stopped automatically at 
either limit of travel and that the energy dissipated in stop¬ 
ping the car is proportional to the square of the car speed. 
The amount of over-travel beyond the terminal landings is 
quite limited, so that safety requires close speed regulation on 

high-speed elevators. . 

The advantages to be obtained by the use of a squirrel cage 
induction motor were first pointed out by Mr. B. G. Lamme 
in a paper he read before the National Electric Light 
vention in 1897. As early as 1900 many of these high-re¬ 
sistance squirrel cage motors were being used for elevator 
service in New York City. They gave excellent results when 

properly applied. . i ^ i. 

Both the squirrel cage motor and the wound-rotor motor 

have their proper place in elevator service. Mr. Lincom has 
brought out the advantages of the squirrel cage motor. Where 
this motor is limited to low-speed elevator, work, the absence 
of all complication in the controlling device and tte simplici y 
of the motor itself are the controlling factors. Efficiency and 
speed regulation are usually of less importance. For higher 
speed work the slip ring motor gives as good a starting con- 
• dition with better regulation; it has a more complicated con¬ 
troller and requires better attention. I am heartily in iavor 
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of any motor that reduces the peak demand on the power 
service, but the reason for using a motor is to render service 
to the customer, and we must not sacrifice the starting char¬ 
acteristics to the detriment of the service obtained. 

R. H. McLain: On the subject of the possibilities of this 
squirrel cage motor for elevator work, I think that the purpose 
a power company tries to perform is to give service to its 
customers and make it possible for the customers to use elec¬ 
tricity in a profitable manner. To do this it certainly 
should not make any rules that would arbitrarily rule out a 
particular kind of motor merely because it is called a squirrel 
cage motor or a wound-rotor motor; but should take into ac¬ 
count the things which have been pointed out in the character¬ 
istics of the two motors, I fully agree with Mr. James in what 
he has said of the wound-rotor motor and I fully agree with 
Mr. Lincoln on what he has said about the squirrel cage motor. 
I really do not think they conflict. I think Mr. James carried 
the discussion further than Mr. Lincoln had carried it, and in 
my mind it comes to this: A squirrel cage motor has a proper 
field for application where you want a low-speed elevator, 
where your power system is large and where high currents do 
not actually affect the line voltage. The object of a good 
many rules, I think, is to discourage the tendency to use these 
motors rather than to prevent actual voltage disturbances tak¬ 
ing place. The field for the slip ring motor is undoubtedly 
on higher speed work or in places where it is worth consider¬ 
able money to a power company to prevent occasional flicker- 
ings of the lights. This latter would only apply to very small 
power companies. 

H. L. Wallau: From the point of view of the power com¬ 
pany I think there is one thing to be borne in mind, and that 
is, that with either type of motor having a given impedance Z 
and starting from standstill, a current I equal to E ! Z is taken; 
but the duration of this starting current has a very appreci¬ 
able bearing on the situation. Therefore, a high torque per 
ampere, which means that the motor is going to accelerate 
quickly and reduce the starting current rapidly, is really to be 
striven for. 

R. H. McLain: One word right in line with that. Where 
the squirrel cage motor is properly used on low-speed work and 
constructed as has been mentioned, that motor will have a lower 
flywheel effect than the slip ring motor, which is bound to be 
larger. Therefore, the power peak which it takes, will last 
for a shorter time than the peak of the slip ring motor. I 
think that point should be considered in favor of the squirrel 
cage motor. 

J. C. Lincoln: This paper was written from the standpoint 
of motors requiring not over fifteen or twenty horsepower, for 
small freight work and small hoist work, I will agree with Mr. 
James heartily that when you get into other work, where ef- 
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ficiency comes into play, the high-resistance squirrel cage 
motors I have described are not the best thing that can be 
used; but in sizes up to fifteen or twenty horse power I think 
that Mr. James will agree with me that the best type of motor 
is the one that I have described. 

I would like to call attention to this: That, given the same 
maximum torque required in the small motors up to twenty 
horse power, we will see that the torque per ampere, from the 
nature of the case, is higher in the squirrel cage motor than it 
is in the corresponding wound-rotor motor. Therefore, from 
the standpoint of the central station man, assuming that the 
motor has got to lift its maximum torque, the squirrel cage 
motor will produce a little less disturbance than the wound- 
rotor motor which will give the same torque 
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SOME TROUBLES ENCOUNTERED IN THE OPERATION 
OF CARBON BRUSHES IN DIRECT-CURRENT 
GENERATORS AND MOTORS 


BY E. H. MARTINDALE 


Abstract of Paper 

This paper deals very briefly with troubles which affect the 
operation of carbon brushes on motors and generators. It 
should be of great assistance to the operator in locating various 
machine troubles and in securing the best service from his 
brushes. The paper is divided into five, sections, based on the 
location of the cause of trouble: (1) field, (2) armature, (3) com¬ 
mutator, including brush rigging, (4) external electrical, and (5) 
external mechanical._ 

I T IS the purpose of this paper so to discuss the causes and 
effects of troubles encountered in the operation of motors 
and generators that the operator will be better able to use his 
brushes to the best advantage. 

The characteristics of carbon brushes which most commonly 
affect the operation are resistance, hardness, abrasiveness, co¬ 
efficient of friction, contact voltage drop and heat conductivity. 
None of these terms needs explanation, but the writer wishes 
to emphasize the importance of not confusing hardness with 
abrasiveness. By abrasiveness we mean the scouring or cut¬ 
ting action of the brush. Hardness of carbon brushes can best 
be determined by the use of a scleroscope, an instrument used 
to determine the hardness of steel and other metals. Relative 
hardness may be judged by cutting the brush with a pocket 
knife or by marking with it on paper, or if more accuracy is 
desired by the layman, a set of pencils from 2 B to 8 H mh be 
a great aid, as a pencil softer than the brush will mark it and 
one harder will scratch it. The hardest brush with which the 
writer is familiar has no abrasive action, while one of the softest 

brushes has a decided abrasive action. 

In this paper the brush troubles will be divided into five 
classes depending on the location of the cause of trouble, (1) 
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field, (2) armature, (3) commutator, including brush, rigging, 
(4) external electrical, and (5) external mechanical. 

Field Troubles 

As the field coils are connected in series or series-parallel, a 
partial short circuit may occur in one coil without materially 
affecting the heating of the coil. This will usually be attended 
with severe sparking at one or two studs, although in a wave 
wound machine the commutation may be very little affected. 
This trouble can best be located by the voltage drop across 
each coil, with a constant current through the coils. Similar 
trouble may be caused by an error in rewinding a field coil. 
On some machines the shunt fields are connected with two or 
three fields in series and two or more of these groups in parallel. 
A partial short circuit in one coil will then affect the entire 
group, electrically unbalance the machine, and cause heavy 

short-circuit currents. 

In a cumulative compound machine one series field^ may be 
reversed accidentally, with the result that as the load increases 
sparking will occur usually at the two adjacent studs; or the 
entire series fields by mistake may be connected to oppose the 
shunt field, which will result in blackening of the commutator, 
and severe sparking under heavy loads. The best way to de¬ 
tect this trouble is to excite separately the shunt field and the 
series field, being sure that the current flows in the same direc¬ 
tion as when the machine is in operation. The polarity of each 
pole should be tested with a compass and should reverse as the 
compass is passed from one pole to the next. Further, the 
polarity of each pole should be the same when either field is 
excited. In a generator the voltage will decrease and in a motor 
the Speed will increase as the load increases. 

Unequal air gaps are responsible for a great deal of commu¬ 
tation trouble. If one pole face is nearer the armature the 
flux across the gap is greater and a higher voltage will be de¬ 
veloped in the coils under that pole. This may result in very 
heavy short-circuit currents between the studs adjacent to that 
pole and other studs of the same polarity. Fig, 1 shows such a 
condition due to worn bearings which allow the armature to 
run nearer the lower pole pieces. In machines with cast frames, 
blow holes may be present, and may be large enough greatly to 
increase the reluctance of the magnetic circuit and cause a lower 
voltage to be developed in one section of the armature with 
resultant short-circuit currents. 
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Armature 

An' open circuit in an armature coil causes the most vicious 
form of sparking, which is always accompanied by severe pit¬ 
ting of the mica between the commutator bars connected to 
this coil and the adjacent coil. The usual method is to con¬ 
nect an incandescent lamp in a circuit, and with two pointed 
terminals make a bar to bar test on the commutator, the open 
circuit is shown when the lamp does not light. Similar spark¬ 
ing in a less degree may be caused by a high-resistance connec¬ 
tion between the end of a coil and the commutator riser. This 
can be detected by passing a current through the armature and 
taking voltage drop between adjacent bars, as the voltage will 

be higher than normal when the 
DOor connection is in the circuit 
measured. This method may 
also be used to detect an open 
circuit, but a voltmeter reading 
as high as the voltage impressed 
on the armature must be used, 
as full voltage wffl be obtained 
across the open circuit. 

A short circuit between two 
sections of a coil, two coils in 
the same slot, end connections 
of two coils, or between the 
commutator bars, will be evidenced by excessive heating of the 
coils affected, and unless repaired will sooner or later result in a 
burned-out coil. The same method may be used as in the pre¬ 
ceding case and the voltage between adjacent bars when the 
coil is in the circuit will be below normal. 

The demagnetizing and cross-magnetiziii.g actions of an 
armature have serious effects on the commutation of many 
machines. To get good commutation in a non-interpole m.a- 
chine, the brushes usually must be set ahead of the mechanical 
neutral on a generator and back of the mechanical neutral on 
a motor. Fig. 2 shows a sketch of a generator in which the 
brushes have been shifted ahead of the mechanical neutral 10 
deg. The section between a and b and a' and h' acts as an elec¬ 
tromagnet with poles at N'' and opposing the field magnet¬ 
ization. This is the demagnetizing action. The sectiona' 
and a h' acts as an electromagnet with poles at N' and 5'. 
This is the cross-magnetizing action of the armature and it 
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tends to increase the magnetism of the right-hand side of N 
pole of Fig. 2 and the left-hand side of 5 pole, and tends to de- 
ciease the magnetism of the left-hand side of N pole and the 
right-hand side of S pole. 

If the brushes are shifted far to obtain good commutation, 
and if, at the same time, the magnetization of the pole piece 
is not well above the knee of the saturation curve, the demagnet¬ 
izing effect of the armature may seriously reduce the voltage 
of a generator or increase the speed of a motor. On the other 
hand, the cross-magnetizing effect may be sufficient, if the 
brushes are not shifted to the electrical neutral, to place the 
coils undergoing commutation in a heavy field, with resultant 
heavy short-circuit currents, severe sparking at the brushes and 
all the attendant evils. The remedy is to widen the neutral 
field by filing away the edges of the pole pieces. The object 
of interpole windings is to counterbalance armature cross-mag¬ 
netizing action and thus maintain the electrical neutral at the 
mechanical neutral under all conditions of load. In this case 
there is no demagnetizing action of the armature current, as 
this occurs onfy when the brushes are shifted from the mechanical 

neutral. 

Commutator 


Commutator brush troubles are numerous, and often difficult 
to identify. One of the most troublesome problems with non- 
interpole generators or motors which do not operate at constant 
load is the difficulty of finding a point at which the brushes will 
operate nt all loads without injurious sparking. This is due to 
the cross-magnetizing action described in the preceding para¬ 
graph.. The brushes are usually set according to the judgment 

of the operator. 

Spring tension er the pressure with which the brushes bear 
on the commutator seldom receives proper attention except in 
large central stations or mills and even there it is often neglected. 
The most economical • pressure is the lowest consistent with a 
low contact loss, a clean commutator and freedom from spark¬ 
ing, glowing or pitting of the brushes. It is seldom advisable 
to use a pressure less than li pounds per square inch of cross- 
section. The writer recommends on stationary machines a 
pressure of from two to four pounds per square inch, depending 
on local conditions and the grade of brush. He recommends 
from four to eight pounds per square inch for crane motors, 
haulage motors, railway motors and similar machines. On 
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Stationary motors he has found pressure as low as one quarter 
pound per square inch and as high as fifteen pounds per square 
inch. 

Brush spacing is very important, hut usually neglected. In 
Fig. 3 the studs are equally spaced and the dotted lines show 
the correct brush position, but due to the brush holders on arm 
A being rotated too far in one direction and on arm C too far 
in the opposite direction the voltage generated in section A B 
C is different from that in A F E or CD E and this will result in 
short circuit currents between A, E and C, high enough to 
neutralize the unequal voltage. 

The magnitude of this short-circuit current may be illustrated 



by a test conducted a few years ago by the writer on the 400- 
ampere, 250-volt, 600-rev. per min., six-pole shunt generator 
shown in Fig. 4. On one positive stud which we will call A the 
brush holders were rotated to place the brush | in. ahead of 
correct position. The other positive studs B and C were left 
unchanged. The busbar had been calibrated with a milhvolt- 
ineter 'to determine the current flowing.' With the brushes m- 
' correctly spaced but operating at the best point, the shor - 
circuit current was not excessive. When the brushes were 
shifted two bars away from the neutral and with no externa 
load on the machine the short-circuit current rose to 800 amperes 
or twice the normal full load current of the generator. As the 
voltage back of this current was low the actual power loss was 
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small, but the heating of the windings and the effect on com¬ 
mutator and brushes was serious. The current density in the 
brushes on stud A was over 200 amperes per square inch and on 
studs B and C over 100 amperes per square inch. This is an 
extreme case, but a smaller difference in spacing may often be 
serious. Spacing may be checked by counting the number of 
bars between each pair of studs but a better way is to cut a strip 
of paper the length of the commutator circumference, mark off 
equal divisions corresponding to the number of studs, place the 
paper on the commutator and make the brushes toe Ihe mark. 

* From the time a commutator bar touches one edge of a brush 
until it leaves the opposite edge, the current in the coil under¬ 
going commutation should fall from full load to zero and rise 
in the opposite direction to full load. If the current in the coil 
is more or less than that value the final adjustment comes as a 
sudden rush of current as the bar leaves the brush. In many 
machines the time of commutation is less than 0.001 second. 
The brushes should therefore be shifted to a point where the 
coils undergoing commutation are in a field strong enough to 
make this change. As the cross-magnetizing action of the 
armature tends to shift the field in the wrong direction to ac¬ 
complish this, the brushes must be shifted farther than if the 
cross-magnetism were not present. If brushes are_ too thin, _ 
sufficient time is not allowed for commutation, and if they are 
too thick the coil may over-commutate. In any case, if there 
is a difference between the correct and actual values of the 
current in the coil there will be an inductive kick when the bar 
leaves the brush. If the inductance of the coil is high or the 
difference in curreiit great, more or less severe sparking nriay 
result. Many cases of sparking have been cured by reducing 
the thickness of the brush. 

A similar condition sometimes arises when the brush studs 
or brush holders are not parallel to the commutator bars, the 
short-circuit current in this case passing from one brush through 
the stud to another brush and thence through the coil. Such 
trouble is often found on some old machines still in service, on 
which the brush holders and brushes change position as the 

brushes wear away. 

If there is not sufficient clearance between a brush and its 
holder or if foreign matter becomes lodged in the holder the 
brush will not move freely and may make poor contact and re¬ 
sult in blackening of commutator, sparking, heating and other 

evils. 
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On the other hand if there is too much clearance and the brushes 
are not equipped with shunts the current may pass from the 
brush to the brush holder through a small arc and cause undue 
wear of the holders. On machines which have been in service 
a long time much trouble frequently arises from worn holders. 
This is particularly true if the machine runs in both directions, 
as the brush face changes when the machine is reversed and 
thereby reduces the time of commutation and increases the cur¬ 
rent density in the brush faces. Brushes in worn holders are 

also more inclined to chatter and chip. 

There are many types of brush shunts or pigtails on the 
market; some -have a relatively high resistance when manu¬ 
factured, while others become loose due to heating or vibration 
and cause a large proportion of the current to pass from the 
brush directly to the holder. A poor connection between the 
terminal and the stud may have the same effect. 

Sometimes the hammer which bears on the brush becomes 
bent and does not bear evenly or radially on the brush. This 
may cause such a side push or twist that the brush will not move 
freely in the holder, and may cause sparking, burning and the 

attendant evils. . , 

Bruwshes are sometimes ordered longer than standard whh 

a view to securing a longer life, but the spring will usually give 
a side push and cause trouble, which will shorten the life of the 

brushes and perhaps damage the commutator. 

Noise of carbon brushes is due to a mechanical vibration 
called chattering. If due to the friction of the brush on the 
commutator the noise may have various pitches. The remedy 
is a change in spring tension, angle of operation or grade of brush, 
although relief may be obtained by lubrication of the commu¬ 
tator at intervals. If the noise is due to high mica or wide slots 
rr^otted commutator the pitch of the sound will correspond 
to the number of bars passing under the brush per second. If 
the trouble is high mica the remedy is the removal of the cause 
of the high mica, or the use of a more abrasive brush, or under¬ 
cutting the mick. If the noise is caused by slots it may be 
necessary to change the spring tension, angle of operation, or 
grade of brush, as lubrication is not advisable on a slotted com- 

mutator 

The causes of short-circuit currents have been mentioned 
under other heads in this paper and are,briefly: operation of 
brushes at wrong commutation point, incorrect brush spacing, 
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brushes spanning too many bars, brushes not parallel with com¬ 
mutator bars, field trouble, including unequal air gaps, and to 
these might be added brushes with too low contact drop. 
Short-circuit currents represent a low power loss but are serious 
in their effects on operation. They may produce excessive 
heating, sparking, high mica, blackening of commutator, burn¬ 
ing away of commutator, fiat spots, pitting or honeycombing 
of brush faces, picking up copper by brushes and short life of 
brushes. The remedy is to find and remove the cause, not 

always an easy thing to do. 

As the expression ‘‘short-circuit currents” is not entire y 
distinctive, the writer would like to see some other phrase adopte 
as standard, such as “ trouble currents. This name would be 
well suited, as they never do any good and always do some harm, 
if no more than wasting energy by unnecessary heating. 

Pit ting or honeycombing of brush faces is nearly always caused 
by short-circuit currents or a very low brush pressure but oc 
casionally it is due to insufficient carrying capacity of the 
brushes. It can generally be determined from the appearance 
of the brush face whether the pitting is caused by low pressure or 
short-circuit currents; in 95 per cent of the cases it‘is the latter. 
Many cases of pitting may be corrected by reducing the thickness 
of the brushes, but it is better practise to look for some other 

cause first, as already described. 

The writer has never been satisfied with any explanation e 
has seen for “ picking up copper ”, which term is applied when 
particles of copper from the commutator become embedded in 
the brush faces. It is generally attributed to an electrolytic 
action, and it is a fact that when the trouble appears it is nearly 
always on the positive brush of a generator, the negative brush 
of a motor ora brush which shows heavy short-circuit current. 
This bears out the theory that the copper is carried by the 
current and deposited on the brush. On the other hand, the 
writer has seen a brush pick up copper when running under 
test on a copper slip ring without any current flowing. This 
purely mechanical action was attributed to abrasive material 
in the brush which tore off the copper particles. As the abrasive 
particle no doubt reaches a high temperature a small copper par¬ 
ticle may become welded to it and other particles collect on this 
until the abrasive spot is itself worn away. Picking up copper 
lowers the contact resistance between brush and commutator 
and generally causes heavy short-circuit currents. 
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A loose commutator bar may be flush with other bars when 
the machine is stationary but may be thrown out slightly when 
running, due to centrifugal force. This will lift the brush, and 
will burn one or more bars just ahead of the high bar, depending 
on the number which the brush vSpans, and further, will bum 
some of the bars back of the high bar, depending largely on the 
speed of the machine and the brush pressure. Its presence can 
often be detected'by the knocking sound of the bar hitting a 
brush once every revolution. 

Commutator bolts should be tightened a few months after 
the machine has been placed in service. The writer knows of 
one case where high bars appeared to be causing trouble, and the 
commutator bolts were tightened, but to no avail. The machine 
was then dismantled and it was found that the V-ring reached 
its seat before clamping the commutator bars tightly. 

In repairing commutators and sometimes in manufacturing 
them, commutator bars of different hardness are used and one 
bar may wear faster than another, causing a fiat spot or a high 
bar. 


Necessarily, many of the troubles overlap, and some causes 
for high mica have been given previously in this paper. They 
are, mainly, some form of sparking which burns away the com¬ 
mutator bars, leaving the mica to project. If the cause cannot 
be located and removed it is necessary to undercut the mica or 
use a more abrasive brush. The former is preferable, as the 
life of the commutator and brushes will be longer. When the 
mica once becomes high it holds the brush from the bars, causes 


more burning, and the commutator rapidly becomes worse. 

Blackening of a commutator may be caused by sparking, the 
use of too much lubricant or by the character of the brush. 


Blackening will sometimes occur on every other bar or every 
third bar, corresponding to the number of coils per slot, and may 
often be shifted to another set of bars by shifting the location of 
the brushes. This seems to be due to a magnetic kick in the coil 
undergoing commutation when the armature tooth next to-the 
coil suddenly leaves the field. The remedy is to have the 
neutral field wide enough to permit the tooth to leave the strong 
field before the commutator bar comes under the brush. ^ 
Flat spots consist of a few bars between which the mica 
is high. They may be started by the commutator not runmng 
true, soft bars, difference in hardness of mica, surps 
or any sparking which occurs once every revolution. When a 
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fiat spot starts it may soon develop other flat spots, equidistant 
about the commutator, one for every pair of poles. This is 
probably explained by the fact that when the flat spot reaches 
a brush the current through that brush is greatly reduced. This 
throws the extra load on the other studs of the same polarity 
and may produce a spark at each of the studs. Unless given 
prompt attention the spots may gradually spread until high 
mica is present over the entire commutator. The cause for the 
fiat spots should be located and removed if possible. An inter¬ 
esting case was recently called to the writer s attention by Mr. 
A. M. Lloyd. A 200-h.p., 250-volt, six-pole motor with 30 
brushes had for some time persisted in developing fiat spots. 
The commutator was carefully cleaned and on one section 
brushes were installed on only two studs. In a few days fiat spots 
had developed on all of the commutator, except that section, 
two more brushes were added and still no fiat spots on the 
section; the other two were added and the flat spots developed 
in a short time. One brush was removed, the commutator cleaned 
and no flat spots developed in this section. This narrowed 
the trouble down to one stud. A careful investigation showed 
that the air gap under one of the two adjacent poles was about 
8 per cent greater and under the other about 5 per cent greater 
than under the other four poles. This was evidently due to worn 
bearings caused by a combination of belt pull and the weight of 
the armature. This suggests a convenient way of isolating 

many machine defects. 

A whole article might be written on commutator slotting. 
The best practise in commutator slotting consists in under¬ 
cutting the mica about 3 / G4: in. below the surface of the commuta 
tor. It is of extreme importance that great care be exercised in 
slotting a commutator to see that all the slots are free from strips 
or particles of mica flush with the commutator. It is not advis¬ 
able to use lubricant or artificially lubricated brushes on a slotted 
commutator, as the lubricant, may get into the slots, collect dirt 
and cause short circuits between bars. On low-speed machines 
where the peripheral speed is not sufficient to throw out particles 
of dirt the commutator slots should be blown out or scraped out 
at regular intervals. On a vSlotted commutator a brush with no 
abrasive action may be used and will result in long life of com¬ 
mutator and brushes. A non-abrasive brush or a self-lubricating 
brush does not necessarily mean a soft brush. In fact, one of the 
hardest brushes manufactured in this country has been 
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adopted as standard on slotted commutators by two of the four 
largest manufacturers of motors and generators in this country, 
and is rapidly being adopted by the other two. 

Heating of the commutator on a machine may be caused by 
any form of sparking, short-circuit currents, friction of brushes, 
high brush pressure, too low brush pressure causing high con¬ 
tact loss, dirty commutator, overloads, too small commutator, 
resistance of windings, loose connections, eddy currents and 
hysteresis. As the ultimate capacity of a machine depends on 
allowable temperature rise it is important to prevent heating 
wherever possible. 

Rapid wear of commutator may be due to abrasion by the 
brushes, presence of gritty dust, or any form of sparking. 

vShort life of brushes may be due to sparking, glowing, or me¬ 
chanical wear caused by high brush pressure, dirt, high mica or a 
rough commutator. 

Outside Electrical Causes 

Outside electrical causes of commutation trouble may be 
briefly stated as overloads, line surges, and cross currents be¬ 
tween two or more machines running in parallel. Where the 
angular speed of a reciprocating engine varies greatly, surges 
may occur due to a slight reduction in speed of motors on the 
circuit when the voltage is low and a consequent rush of current 
when the voltage reaches its maximum. It may be impossible 
to locate surges or cross currents without the use of an oscil¬ 
lograph. 


Outside Mechanical Causes 

If an armature is mechanically unbalanced severe vibration 
may occur, especially if run at high speed. This may produce 
fiat spots, unbalanced electrical conditions, loosening of com 

mutator bars and other serious troubles. 

If the machine is on unstable foundations, similar troubles 
may be experienced due to vibration of the entire machine. 
In this class may be placed crane motors and similar machines, 
which are, however, usually designed with this factor in view. 
Poor belt lacing or uneven gears may produce a vibration or 

strain with the same results. 

The pound of a reciprocating engine direct-connected to a 
generator sometimes causes such a serious vibration that the 
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brushes are thrown slightly from the commutator, causing spark¬ 
ing and flat spots. 

In this paper no attempt has been made to guide the operator 
in the selection or testing of carbon brushes, or to discuss the 
effects of characteristics of carbon brushes, but the writer hopes 
to have the opportunity of presenting another paper on this 
subject. 
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Discussion on “ Some Troubles Encountered in the Oper¬ 
ation OF Carbon Brushes on Direct-Current Gener¬ 
ators AND Motors,” (Martindale), Cleveland, Ohio, 
March 19, 1915. 

D. B. Rushmore: Every designer of d-c. machines owes a 
debt of gratitude to Professor Arnold for his clear and careful 
^elucidation of the phenomena of commutation. The phenomena 
are so exceedingly complicated, when you consider all the 
e.m.fs. involved, and all of the variables that can enter 
in the shape of quality and condition of the commutator and 
the carbon brush, the width, the pressure, distribution, and 
wear, etc. It was not until we got the little X-ray apparatus, 
known as the oscillograph, that we could begin to find out what 
was going on. The development of the electrical industry, and 
especially the d-c. machinery, is dependent upon this little 
carbon brush, and upon the peculiar qualities of contact resist¬ 
ance that we get with it. 

• One question I would ask Mr. Martindale is, whether there 
is anything else in sight, anything new in carbon brushes any 
new construction of the carbon brush, which will help us reduce 
the design of electrical machinery to a point beyond the limita¬ 
tions imposed abroad. Direct-current machinery is not the only 
kind using carbon brushes now. The inherent nature of the 
a-c. motors running at constant speed is being diverted by the 
use of commutator motors to get variable speed. You will 
find in this city some large a-c. motors of this kind. What is 
the future possibility of improvement, of change, of substitution, 
of variation, in the manufacture of carbon brushes ? 

H. R. Edgecomb: Several points in this paper need to be 
particularly emphasized. The first is that the brush is the 
weakest link in the whole chain of connectors or conductors or 
joints in the machine. 

The next point is the necessity of good mechanical conditions. 
It is surprising how little dimensional separation is required 
between brush and commutator surface to cause sparking and 
the resultant cumulative troubles. A brush rated to carry 
30 amperes per sq. in. under ordinary running conditions, may 
carry five times that amount without distress, if the brush 
contact is mechanically right. The causes which are back of 
an intermittent separation of as little as one mil between the 
brush and commutator are many,^ and it is safe to pmdict that 
unless they are removed there will be trouble. It is futile to 
change resistance of windings, brush resistance or any electrical 
characteristics until these mechanical troubles are removed. 

A gentleman just called my attention to the fact^that he had 
a machine which he polished carefully, and the mica part was 
so hard that he got a separation between the copper and the 
mica, after having turned it. The very slight motion, the move¬ 
ment which it receives largely in turning, was sufficient to cause 
all the trouble necessary to put the machine out of business. 
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The third point is the cumulative effect of any disturbance 
which takes place at the contact surface pf brush. Troubles 
of this class never decrease with continued service. For 
example, the heating of the brush makes it a, better con¬ 
ductor, causes it to carry more than its share of the cmrent, 
and this selective effect becomes greater^ until the brush finally 
glows and incapacitates itself and the commutator for further 

tisc. 

What is the percentage effect of accumulated oxide or carbon 
deposits on the contact drop and friction ? I mean by that, the 
cumulative effect in the test apparatus. What percentage 
effect have they on readings for contact drop and for friction r* 

If you wiped the ring regularly with a clean cloth, would tne 

percentage drop rise, and how much? 

One more point, the danger of trying to identify cornmutator 
troubles by sound. I remember one machine on which the 
experts from two brush manufacturers spent nearly a week 
trying to solve the question of commutator troubles, or the 
brushing quality of the motor by sound and noise, and it 
happened one day the machine was started up without ^ ^ 
d-c. brushes down and the noise was there just the same. 
noise resulted from causes outside of brush contact or brush 
separation; it was a siren effect which came from the passage 

of air through the leads. .1 i. 

R. H. McLain: There is one cause of poor commutation that 

is not directly caused by the brushes, nor by any 
machine. I hope it is not getting too far away from the com¬ 
mutator to mention this cause of trouble. It is in the mattei 
of control apparatus for motors which start and stop so tre- 
quently that the sparking which may occur during that period 
would seriously deteriorate the commutator, and get the brushes 
and commutator in bad condition or at least start them in the 
wrong direction, and allow the running of the machine after that 
to continue the deterioration. I think in hunting for commu¬ 
tator troubles you should not stop until you examine the 
trol apparatus of a machine that is frequently started and 

si" OTDTD0(i. 

To illustrate some of the conditions, I know of a series-wound 
motor whose rated amperes are 200. The machine was reversed 
at full speed across the line, without any resistance in series, 
and it did not spark so that you could notice it. As near as 
could be told the current went up to 1100 or 1200 amperes, not 
by oscillograph, but ammeter. People would naturally pro¬ 
nounce that machine perfect as to commutation you could not 
make it spark. However, if you used that same machine on 
dynamic braking, weakened the field enough to get it up to high 
speed, and then tried to stop it by short-circuiting the resistance 
in one step, you would get the worst form of sparking. Of course, 
in machines not as good as that particular one, if the resistance 
is not laid out for starting in the proper manner, you may have 
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the proper number of switches to start the machine, the proper 
number of resistance blocks; but the peaks, being unequal and 
some extremely high, start commutating trouble. _ 

I will give an example of a bad case of commutation caused 
by a controller. The motor was rated, for 550 volts and about 
300 amperes. The load in hoisting was about 300 amperes. 
The load in lowering was about 200 amperes. The lowering 
speed was 25 or 30 per cent above hoisting speed. It ivas 
stopped by the starting resistance. The first block of resistance 
that was cut out was exceedingly high. It was all right for 
starting purposes, but when it came to stopping the machine, 
you would have a machine running at 30 per cent over-speed 
developing momentarily 1100 volts and 900 aniperes. It was 
a good motor, and had good brushes, but it sparked. 

D. M. Petty; There is one point in connection with the 

discussion on carbon brushes which has not been touched om 

It is the question of lubricants in the brushes. 

of a large number of machine tools we found 

builder used a brush impregnated with some 

After the brush has been in use for some time the 

heated, runs out, and sticks to the brush 

the brush manufacturers ought to be able to get out a brush 
lith some kind of dry lubricant, so that the bmsh^ ^.^d Mt 
«tirk to the boxes. The lubricant seems to be all right ana 
llvesits purpoS Very well, so long as it does 
brush holders and the motor is kept running. As soon as tne 
mott stopTlhe brushes stick up in posd.on no » 

contact with the commutator, and when started next tim 

The idea of the standardization of brushes, as orouam- 

you very soon have to carry sue 

be^mes Martindale spoke of the difference between 

hardness and abrasiveness ^ y P Q^nmutator wear 

that is greatly VhL we^ non-abrasive when 

resulting rL* felt in the mljority of these cases 

rprS^f the ilrSi^roS? 

unde?'a ver^light tension. T^^^^tlaXdSfdfsc?^^^^ 
integration of ^be Ho-h temperatures. In looking 

very dirty commutator an y ^ commutator you could see 

S»ShtT|rXcrh—c. it polished up nicely. 
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and there was. no further wear. The brush had absolutely no 
gritty material in it, so that the wear in that case must have 
been purely a burning action. 

In the line of field troubles, there was a case I encountered 
on a large generator.in which the brushes on certain studs would 
spark, and in the first attempt to remedy the trouble several 
kinds of brushes were tried, always with the same result. A 
further examination, however, showed that this machine had 
cast-in pole pieces; that is, the laminated pole pieces were cast 
into the frame, and the pole pieces themselves were unequally 
spaced. This introduced a condition that could not be entirely 
corrected by shifting the brush studs. You could shift them to 
correspond to the position of the pole pieces, but then you 
introduced a different number of armature coils between the adja¬ 
cent studs. The displaced brushes had different voltages between 
different studs, and localized short-circuited currents between 
them, so that a compromise was all that could be had, and the 
best result could not be obtained for that condition, without 
reshaping the shoes of the pole pieces so as to equalize the spacing 
of the field poles. 

•The matter of the type of brush holder used is often a very 
important factor in the operation of the brushes. Mr. Petty 
referred to the trouble with lubricated brushes. Of course,^ the 
majority of manufacturers make brushes that are artificially 
lubricated, with some wax-like substance, possibly paraffine, 
possibly some other wax, and also brushes that depend on their 
graphitic make-up for lubrication and have no artificial treat¬ 
ment. A case such as he speaks of could undoubtedly be over¬ 
come by putting in a brush that had natural lubrication. This 
trouble is particularly pronounced on holders of the reaction 
type, where the brush is held against the plate of the holder 
by considerable pressure, the top of the brush being beveled, 
and the position of the spring or pressure arm being designed so 
.as to bring a pressure against the plate. If these brushes are 
treated and operated at a temperature sufficient to drive some 
of the lubricating substances to the surface, when the machine 
stops, there is actually a freezing of the brushes; the material 
hardens and the brush is attached to the plate.. It may be that, as 
it cools, the contraction of the ring will be such as to draw the 
brush away from the commutator, so that in starting up, one 
or many of the brushes will be actually out of contact. The 
result is that you start up with an arc, and as one man put it, 
you have a combined heating, lighting and power unit. 

Another cause of brush troubles I have found at times, is 
with commutators that have been rebuilt or repaired, especially 
where it was necessary to loosen up the clamp ring. This applies 
to the type where the clamp ring screws on to the shaft and is 
not drawn in by bolts. In tightening this ring, the bars may 
have been given a twist, or it may be through carelessness in 
inserting mica, or otherwise, a little dirt has gotten in between 
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certain bars, giving them an offset. Now, if a brush is covering 
approximately an even number of bars, that twist may be enough 
to throw them over on to an additional bar at one end, just as 
though the brush stud were crooked. That is often the cause 
of serious sparking, which can be overcome by care in clamping 
up the commutator and having the bars perfectly straight. 

J. H. Lapp: In my opinion, the trouble is not so much in 
the brushes, as it is in the mica in the commutator. I had an 
instance of a machine which continued to spark. _ I set my 
brushes and did everything possible with the machine, and we 
could not get any better results—the machine ran at less than 
liaif load, with tremendous heating. I finally took the commu¬ 
tator out—it was a little flat on one side—turned it, and put 
it back in the machine, and it continued to spark and heat. 1 
examined the mica bars and found the mica was so hard that 
in turning the commutator it seemed the tool just jumped over 
the mica bars and left them high. I took the bars all down, 
and the trouble was over, the machine running nicely. 

L. P. Crecelius: I would like to say a few words in regard to 
a change in policy which is very noticeable on the part of brush 
manufacturers, and which seems to have taken place within t 
last three years. Before this period current densities of 30 to 
35 amoeres per sq. in. of carbon brush were about as fm as we 
could carry the load on brushes. Now, however, considerabty 
larger current densities are perrnitted, ^ri<Ii?ating that the su- 
ject of brush design has been seriously considered by the manu¬ 
facturers, and seems now to be much better unders ■ ^ 

Recentlv in this city there were installed some fifteen ^ > 
synchronous converters, on which the commutators, pnncipa y 
on account of high speed, and partly also 

wp.re made very small in diameter, requiring therefore a \ery 
narrow brush having fundamentally poor naechanical charac¬ 
teristics Notwithstanding this serious limitation, proper 
Shes were subsequently fUd, but the llrMus 

L^^litSerovSlooked the feet thg ti« "2 

the apparatus « neeessar^ te ^ 

to brush manufacturers ^ former brushes were 

thS it r^Jiired but a small margin of improvement to bring 

about satisfactory conditions. brushes is im- 

John P. MaUett: Of course f J^nosition which is 

portant, but fbere is another P Martindale men- 

also important, the P^^ta p length of the pigtail, 

tioned the possible and the brush I have 

but the connection P ^ ^ of you know 

found to be an the holder, 

that when any one wisnes to reniuvc 



676 


CARBON BRUSHES 


[March 19 


he will take it out by the pigtail, and the result is the pigtail is 
liable to become loose. When it becomes loose the tendency is 
for it to become looser, because it burns from the poor contact. 
When it becomes very loose it is practically of no value, and if 
the design of the machine is such that the pigtail is required at 
all, you will get poor operation. Therefore, I think it is important 
that this question of the pigtail should be given careful con¬ 
sideration. 

The point may be raised that certain manufacturers have 
patented methods of attaching the pigtail, and therefore, they 
would not deviate from those methods. That, again, will give 
rise to this condition—after such a machine has been in use for 
some time and new brushes are required a brush is obtained with 
some other kind of a pigtail, when the original is absolutely 
necessary. There is no question but that we can standardize on 
the pigtail, the method of attachment, etc., and it is quite as 
important as the dimensions of the brushes. 

A. M. MacCutcheon: In regard to this point of standard¬ 
ization, the question has arisen in my mind whether the brush 
manufacturers are considering doing anything to reduce the 
number of kinds of brushes and narrowing down the number 
of qualities of brushes. We in the motor manufacturing bus¬ 
iness do not want the carbon manufacturers to reduce the num¬ 
ber and kind of brushes if they cannot do so without interfering 
with the solution of our problems. We have many problems 
coming up which require different qualities of brushes, but 
if it were possible to reduce the number of qualities of brushes 
and still furnish as many answers in the solution of our 
various problems, we would be glad to see that done. I think 
our shop superintendents would be delighted if the engineers 
were not able to try as many different kinds of brushes 
on the motors as they do today. I would be glad to have Mr. 
Martindale inform us whether any action is being taken by the 
carbon manufacturers to try to reduce the number of qualities 
of brush, and yet be able to answer as many problems as arise. 
I do not suppose it would be a mistake to. say there might be 
twenty-five or thirty qualities of brush. If you divide the 5000 
brushes Mr. Martindale mentioned by the twenty-five or thirty, 
you have immensely reduced the number of different types. ^ 

E. H. Martindale: I think the discussion this morning has 
brought out the fact that there are many troubles not caused by 
the brushes. 

In regard to standardization, I visited the works of a 
large manufacturer a short time ago and the gentleman to whom 
I was introduced said they would standardize on one length, 
two widths and five thicknesses. The length was to be 2 in.; 
the widths fin. and If in., and the thicknesses | in., | in., f in,, 
f in. and 1 in. That reduces the possible sizes to ten. 

I see no reason why practically ever}^ manufacturer could not 
adopt about ten, or at the most, fifteen standards, to meet the 
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needs of all machines, except the small special machines, such cto 
the dental motors and vacuum cleaner motors which will prob¬ 
ably always have to remain special. 

Mr. Rushmore asked if there was anything new in sight in 
brushes. There has been great development in the past few 
years in the manufacture of carbon brushes, and with the de¬ 
mands that have been made during the past few years in the 
manufacture of carbon brushes and with the demands that are 
being made by the manufacturer for higher current density and 
higher speeds it will be necessary to develop something else, or to 
limit the manufacture. If the machine will run at twice the 
speed, you can get nearly twice the power from the same weight. 

It is advantageous to get as high speed as possible. The turbo¬ 
generators have shown the great development which has been 
made in the capacity of machines of equal weight. 

A great advantage of the carbon brush lies in its high contact 
drop with its comparatively high carrying capacity. The con¬ 
tact resistance of carbon brushes is approximately ten times the 
specific resistance. If we can find some material which whl 
maintain the same contact drop as carbon brushes have at present 
with a resistance of half or less than the present carbon brushes, 
it will immediately give us something better to work on, provided 
it has the other characteristics of a carbon brush, such as long 
life and low friction. It is a question in my mind whether 
there is any other material that will answer that purpose. 

Mr. Edgecomb and Mr. Lapp both spoke of the hardness of 
mica, and the difficulty of cutting mica with a tool. I think 
there is one point that may be of help in turning a commutator: 
it is that oil tends to reduce the cutting on copper and tends to 
soften mica. If oil were applied to the commutator perhaps 
several hours before the cutting is started, and then oil used 
during the cutting, the mica would cut down even with the 
copper much better than it does at the present time. However, 
this practise should not be generally recommended, as oil is a 
dangerous enemy of mica. 

Mr. Edeecomb also asked regarding the effect of oxidation. 
The contact drop is a very difficult thing to reproduce exactly. 
It is largely due to the oxid^ion of the nng, but 
have used is to let the machine run until the contact drop be¬ 
comes constant. It may be fifteen minutes, and it ^^y be three or 
four hours before you can get a contact drop constat. ^ 

a clean cloth over the ring, or your hand, or object, a contact 
drop may go away up and it may go down. I have been wateh^ 
ing a machine when there were no currents of ^ ^’^ound and 
aonarently nothing could change the contact drop, and it in- 
created almost double. If we get any vibratory chattering of 
the brush, the contact drop wU f 

SS wm s eTco^^ - n,0^e like the effect of the 
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automatic voltage regulator, cutting in a high resistance, and 
cutting it in so rapidly that the resultant is of constant value. 

Mr. Edgecomb also spoke of the noise due to air. I had a 
case at Defiance about two weeks ago where there was a click 
every time the commutator came around, that sounded like a 
high bar, but we could not locate it. We found the pigtails 
on the negative studs were vibrating. There were two pigtails 
on each brush, and at every revolution the two pigtails would 
come together, corresponding with that click; but we did not 
find out what it was. 

Mr. McLain brought up the question of dynamic braking, 
which is a very serious problem. Its main use, in the experience 
that I have had, is in ore unloaders, where the bucket is going 
down to the boat and when nearly to the bottom the dynamic 
brake is used for quick stopping. 

Mr. Kalb touched on the point which Mr. Petty brought up 
in regard to lubrication of brushes. Now, a great many msers 
still insist on getting the cheapest brush they can buy. The 
cheap brushes are abrasive, from the materials which must be 
used, and the lubricant is put in largely to reduce the high 
friction. In the cheap brushes the material to be used for lu¬ 
brication must necessarily be cheap in itself, and this will fry 
out under nearly normal conditions. Some lubricated brushes, 
that is, where the artificial lubrication is used, are made so that 
the wax will not fry out until the brush reaches a high tem¬ 
perature, higher than it should reach in normal operation. 
Lubricated brushes can be used if the machine has no short- 
circuiting current or other serious heating, which raises the tem¬ 
perature of the brushes. • 

As brought out by Mr. Kalb, however, it is better to keep 
away from any lubricant, on reaction type brush holders. I 
had a case where the commutator was about 1/32 in. out of 
true, slightly eccentric. Every night the brushes would freeze 
to the holders and in the morning the engineers would have to' 
go around with a hammer and knock the brushes down on the 
commutator before starting. It was a shunt machine and 
could not give any voltage until this was done, 

Mr. Petty spoke about a good many sizes of carbon brushes 
looking good to the carbon manufacturers, but it does not. 
It is impossible for the carbon manufacturers to keep brushes 
ready to ship, especially with the large number of sizes and grades 
used at the present time. If the sizes could be reduced to a small 
number, they could carry in stock brushes of all the sizes which are 
standard and ship them the same day that the order is received, in¬ 
stead of waiting a week or ten days. When material is carried in 
rough stock, which it must be with the present method, the 
material is sent to the first department, in which it is cut to 
the approximate sizes. After that it must be edge-planed, end- 
planed, and side-planed to exact size. At every machine there 
must be three to four orders waiting for the operator to work 
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on; otherwise, if we tried to have a man working on every order 
as fast as it came, we would have to have about three times as 
many men as we could use in the low part of the load. It is a 
question of load factor of orders. On Tuesday, with the heavy 
mail received on Monday, we would probably need three times 
as many men as in the rest of the week. 

The points brought out by Mr. Kalb were very interesting, 
especially oxidation and the unequal spacing of cast poles. 

Mr. Mallett spoke of the standardization of the pigtail con¬ 
nection. We would like to do that very much, but all the good 
ones are patented, either by us or some one else. We cannot 
standardize a patented pigtail connection. Something might be 
done in standardizing pigtail connections by limiting the voltage 
drop between the brush and the pigtail to a certain definite value; 
and, as a further specification, making the pigtail mechanically 
secure in add tion to a low-resistance electrical contact, so that 
after long operation the pigtail will still be intact. 

Mr. MacCutcheon spoke of the number of different kinds 
of brushes. We have fifty-two at present that are commercial, 
and quite a number of laboratory brushes on test. We hope 
to have fifty-seven pretty soon. I do not know that I should 
say we hope to have, but we probably will have. It is not 
necessary to have so many kinds of brushes as we have, from 
an operating standpoint, but it is from the carbon manufac¬ 
turer’s standpoint, because there are more than that many 
variations. There are at least six or eight different kinds of 
coke used in brushes, and at least fifteen or twenty different 
kinds of graphite. All these graphites have a different ash, 
and it is the ash constituent that largely influences the^ brush 
in regard to friction and abrasive action. The ash in the 
Sfranhite may be mica, or quartz, or iron oxide, or silica, or any 
one^ of several other materials which are ordinarily found m 
graphite. The reason we need so many different varieties is be¬ 
cause somebody sends in a brush and says “ iflease send us so 
many brushes per sample, of such a grade.’ We carry a 
variety of brushes, and can duplicate any brush on the market. 
That is the reason why we have so many, and not-because they 
are needed from an operating standpoint. 
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FRACTIONAL HORSE POWER MOTOR LOAD 


BY BERNARD LESTER 


Abstract of Paper 

In this article the author outlines the broad and increasing 
use of fractional horse power motors and the chief causes for 
the advance in popularity of motor-driven machines. The suc¬ 
cess in this field of motor application has been largely due to 
the perfection of a reliable and simple single-phase motor. 

The development in the design and construction of the single¬ 
phase motor is traced from its origination to the present time, 
and the operating characteristics of the commoner types of single¬ 
phase motors are described and illustrated by the use of speed- 
torque curves. The correct application of small motors is of ut¬ 
most importance and requires a careful analysis of motor 
characteristics, the characteristics of the driven machine and 
of the supply circuit, with the limitations of each. The author 
deals particularly with the characteristics of the split-phase in¬ 
duction motor, which is used so extensively, and points out the 
functions of the centrifugal clutch when employed as a com¬ 
ponent part of this motor. A reference diagram is presented which 
is of service in applying small motors. 

[N TECHNICAL literature very little space has been de- 
A voted to the discussion of fractional horse power or small 
motor load. The subject presents certain difficulties of ap¬ 
proach, perhaps on account of the close association of the 
commercial and engineering aspects, which cannot easily be 
divorced from one another. Furthermore, there is a tendency 
on the part of the engineering profession to consider, since the 
power-producing units are so small and they are applied to such 
ordinary devices or machines, that the problems met in applying 
these motors are not strictly those which should concern an 
engineer. The purpose of this paper is to show briefly the ex¬ 
tent of this rapidly growing field, and that in it real engineering 
problems exist which deserve most careful analysis. ^ 

When we consider that few motors were used in the industrial 
field prior to 1890, we realize, in a measure, the rapidity of the 
growth of the industry, but it is not until we classify the industrial 
field of motor application, and see what has been done in the va- 

681 



682 


LESTER: MOTOR LOAD 


[March 19 


nous industries, for example, in the steel mills, paper mills, textile 
mills and machine shops, that we can realize the development of 
motor application and can fully account for its growth. During 
the last ten years the field for the use of fractional horse power 
motors has increased enormously and many new devices have 
become available commercially. Typical examples of small 
motor applications can be found in residences, stores, offices and 
workshops. This list varies from motors used to drive vacuum 
cleaners, washing machines, meat and coffee grinders, and sew¬ 
ing machines, to those used in portable drills, railway signals, 
and the most delicate laboratory instruments. 

There have been three principal causes for this development 
in the small motor field: 

1. Efficiency engineering in every field of endeavor has 
brought to the mind of the public the realization of the saving 
that can be accomplished in time, labor and money by operating 
small appliances electrically. 

2. Wide distribution of central station circuits, primarily for 
the purpose of lighting, has greatly increased the possible field 
for the use of small motors. 

3. The performance of the small motor as a reliable source of 
power, and its proper application, have established the confidence 
necessary to encourage the investment of time and money in 
the development of the industry. 

Savings in time, labor and operating cost by the use of small 
motor-driven machines can best be illustrated by reference to 
several very common small motor applications. In the dwelling, 
the small motor-driven washing machine, vacuum cleaner, iron¬ 
ing machine and sewing machine shorten the time required to 
do the work, and materially decrease the amount of manual 
labor required, besides increasing the quality of the work and 
the convenience with which it is done. In the office, motor-driven 
calculating machines, and machines for addressing, sealing and 
stamping mail matter or tying packages, are now becoming 
common, on account of the fact that they in the aggregate save a 
large amount of time on the part of the office force, or in reality 
increase the productive labor of the individual. In the black¬ 
smith’s shop, for instance, motor-driven forge blowers have 
taken the place of the old cumbersome hand-operated bellows. 
The store or meat market is now often equipped with a meat 
grinder, meat sheer, coffee grinder or coffee roaster. These 
make possible economies in the preparation of products for sale'. 
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It will be noted that in all these cases the success of the device 
depends upon one or more of the three general features possessed 
by the small motor, i.e., simplicity in starting and stopping, 
portability, and continued operation without frequent attention. 

The remarkable extension in central power station lines in 
cities and suburbs needs no further comment here, other than to 
point out that the majority of small motor-driven machines are 
of such capacity and characteristics that they are suitable for 
connection to lighting sockets. 

Since single-phase alternating-current distribution is so largely 
employed for lighting and consequently is available as a supply 
for small motor-driven machines, the development of a simple, 
reliable and efficient small single-phase motor has had a large 
share in the growth of this industry. Single-phase motors of 
the series, repulsion or induction type, or some modifications 
or combinations of these principal types, have been largely used. 

Series Motor. The series-wound single-phase motor, due prin¬ 
cipally to its varying speed with change in torque, has a limited 
application. Obviously it can only be safely used where the 
load is rigidly connected to the driving shaft of the motor and 
where large variations in speed are permiSvSible with variations 
in load. This type of motor is very successfully used with fans, 
where the fan is attached to the motor shaft, and is used for 
exhausting or supplying air, as in the case of most fan type va¬ 
cuum cleaners or forge blowers. Also for portable electric tools, 
in which case the power is turned off when the tool is not in 
actual service. Its use, however, is limited to these or similar 
applications. A great advantage in the series-wound motor, 
when especially constructed, is that it can be operated upon direct 
current or alternating current of most commercial frequencies, 
and the same" voltage, with speed-torque characteristics suffi¬ 
ciently similar to produce results generally satisfactory in motors 
of small capacity. Obviously, there is a great commercial advan¬ 
tage in a motor-driven device that can be operated either on 

alternating current or direct current. 

The single-phase repulsion motor, which is a modification of 
the series motor, possesses in general the same limitations in 
regard to its speed-torque characteristics as the series motor, 
jjowever, without load it does not attain the same dangerously 
high speed. Since the brushes are short-circuited the universal 
feature, i.e., the possibility of operation upon alternating-cur¬ 
rent or direct-Current circuits, does not exist. 
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Induction Motors. The single-phase induction motor pos¬ 
sesses a speed-torque characteristic in which the speed holds 
practically constant under a varying torque and is excellently 
suited for the large majority of small motor-driven machines, 
provided a means is supplied to bring the rotor or secondary 
element of the motor up to a speed at which the inherent torque 
produced by the motor is sufficient to accelerate the load. 

. The split-phase induction motor is by far the most common 
type of single-phase motor used in fractional horse power sizes. 
Since in its development the most difficult problem has been in 
overcoming the absence of starting torque in the simple single- 
phase motor, the principal steps in this development will be. 
mentioned. 

The first split-phase self-starting motor was developed 
by Tesla and was used for 
driving small desk fans, but 
was not employed generally 
for power service. Several 
years after this, about 1893, 
single-phase induction motors 
of larger capacities were de¬ 
veloped and used, but since 
there was no device for start¬ 
ing the motor, it had to be 
started by hand—and like any 
polyphase induction motor 
when connected to a single¬ 
phase circuit, and operated on one phase only, would run in either 
direction if started by some external force and accelerated to 
a point at which the torque developed by the primary of 
the motor upon the rotating element was sufficient to carry 
the rotor up to speed. The speed-torque curve of such a motor 
is shown in Fig. 1, curve AD. From 1893 to 1895 self-starting 
split-phase motors were designed with two windings in the 
primary, one of which was employed primarily while running, 
and the other only for the purpose of starting. A phase splitter 
consisting of a manually-operated external switch and resistance, 
connected the primary windings to the supply circuit, inserting 
resistance in the starting winding. A phase displacement in 
this way existed between the currents in the two windings, 
which exerted a torque upon the rotor in starting, the starting 
winding and resistance being manually cut out as soon as the 
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motor came up to speed. Somewliat later, motors were de¬ 
signed with which were used starting devices supplied with a 
condenser in place of a resistance. This device produced a 
greater angular advance in the phase displacement than was 
the case with the resistance starter. In this particular, there¬ 
fore, a somewhat improved operating characteristic was obtained 
due to higher power factor of the motor the condenser remain¬ 
ing in the circuit while starting and running. 

About 1898 single-phase induction motors were designed which 
started as series motors. The secondary winding was similar 
to that of a series motor, the commutator bars being short-cir¬ 
cuited as the armature accelerated, after which the motor ran 
as an induction motor. Shortly after this an advantage was 
found in starting as a repulsion instead of a series motor, since 
the motor so constructed could be connected externally for use 
cither upon 110- or 220-volt circuits. Motors designed in ac¬ 
cordance with this principle are now widely used, especially in 
sizes above % h.p. An automatically operated centrifugal gov¬ 
ernor within the rotating element short-circuits the commu¬ 
tator bars. Fig. 1, curve B, shows the 

istics of such a motor while starting, in apprommatety the relate! e 
position to the induction motor, curve AD. 1 gh 

ab represents the speed at which the motor automatically switches 

from a reptilsion to an induction motor. 

Tnother developmea. in the splihph^e motor njs m 

the use of an external dutch or du c P > ■ , 

the difficulty in obtaining in the earher designs sufficient 

me aimcu y to be used for accelerating 

Qtnrtinp- torque to enable the motor to oe useu lui 

starting toniu^ centrifugal clutches were 

‘■‘"r ,wh Xwed £ ro£ U 11 to accderaur » a 
i t which a liberal torque was exerted by the rotor, at which 
Si ir dfl tllold and applied the load to the mo«n 
Within the last few years marked improvements 

the design o'/P^ho^": u£o£££Cl 
toroue can now be obtained without the ime or a c . 

TS. 1 , tor many classes of small motor service. A light rngn 
?’ Ending in addition to the running wrndmg is 

resistance start.^™ » ^ typical speed-torque curve of a 

used. Fig. 1_, curve a , ^ design. This starting wind- 

no-clutch split-phase mo ^ ^ rehable centrifugally 

ing is cut out by nreara "^.T^tt^rnWor, at a SI«id shghtly 
ouerated switch placed witni ic of 

E full load. The centrifugal clutch when used is 
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construction and is placed within the motor, the rotating ele¬ 
ment revolving upon the shaft until its speed reaches a pre¬ 
determined point at which the clutch takes hold. 

Various modifications have been made in the repulsion motor, 
intended to make its speed more nearly constant with varying 
loads, and also improve its power factor, by means of extra 
brushes on the commutator and auxiliary windings in the 
primary. 

Since so many motors of one particular size and type are used, 
designs must be adapted for economic quantity manufacture 
and uniform performance consistent with such apparatus. 
Furthermore, since motors of special mechanical' and electrical 
characteristics are often required, standard designvS must be 
adapted to provide for such modification without a complete 
redesign of the motor. Fractional horse power motors must 
be neat and attractive in appearance since they are used in the 
home, office or shop in connection with, or as a part of, a machine 
which is usually highly finished. Lightness of weight and com¬ 
pactness' of construction are of considerable importance, for 
many small motor-driven machines are of a portable or semi- 
portable character. Quiet operation is always desirable and 
often absolut ely necessary in cases where these motors are used 
for the operation of musical or talking machines. In the last 
few years it has become common practise to design direct- 
current motors with full-load speeds corresponding to those of 
60-cycle alternating-current motors. Furthermore, for equivalent 
ratings in alternating-current and direct-current motors similar 
mechanical characteristics have been adopted, so that either 
an alternating- or a direct-current motor can be mounted in 
identically the same place in relation to the driven machine^ 
thus simplifying the construction of the motor-driven machine. 

Small motor applications fall into four thoroughly well de¬ 
fined classes, depending upon the length of the operating period 
and the variation of the load while in service, i.e.i 

1. Motors operating continuously, with approximately con¬ 
stant load; for example, ventilating fans and forge blowers. 

2. Motors operating continuously with varying load; for 
example, sign flashers and most adding machines. 

3. Motors operating intermittently, with constant load; for 
example, coffee grinders and most automatic piano players. 

4. Motors operating intermittently, with varying load; for 
example, household washing machines and ice cream freezers. 
for household use. 




1915] 


LESTER: MOTOR LOAD 


687 


It is interesting to note that small-motor engineers encounter 
almost identically the same problems as those of the engineer 
applying larger industrial motors, in so far as cycles of operation 
and speed-torque requirements are concerned. For instance, 
in the application of small motors to washing machines with 
wringers, the wringer is the limiting feature, taxing the motor 
with sudden peak loads. This application may well be compared 
to that of a motor-driven rolling mill. The motor-driven meat 
grinder compares closely with the motor-driven pulp mill beater, 
and the cofEee grinder with the rock or stone crusher. In the 
design of high-speed motors for fan-type vacuum cleaners, the 
problems closely parallel those of the high-speed turbo blower. 

Hundreds and even thousands of motors of one particular type 
and size may be applied to a particular type and size of driven 
machine, consequently, a very careful analysis should be made 
to secure the correct drive. Failure may come when operating 
conditions cease to be ideal, should a motor of insufficient margin 
of safety with regard to the essential electrical and mechanical 
characteristics be employed, and the expense of such failure 
cannot well be estimated when we consider that these small 
motor-driven machines are scattered broadcast. In the in¬ 
terests of economy, however, an abnormal margin of safety is 
objectionable. The question of the selection of * the proper 
characteristics is largely, therefore, a consideration of limiting 
conditions of operation. The following general points should 

be considered: _ -it. 

Variation in the essential electrical and mechanical charac¬ 
teristics of duplicate motors, incident to their manufacture in 

quantities. 

Variation in the value of torque required to start and power 
to operate duplicate driven machines, incident to their manu¬ 
facture in quantities. _ _ , . t. a.v 

Variations in the characteristics of the circuit on which t e 

motors are to operate, such as variations in voltage, frequency 


or both. ^ 1 -u 

In applying split-phase motors, aside from the general charac¬ 
teristics outlined elsewhere, special attention must be given o 
those characteristics of starting torque, pull-out or maximum 
torque and temperature rating. The starting torque vanes 
approximately as the square of the impressed ^Itage, ranse- 
quently any reduction in the voltage of the circuit at the m t 
produces more than a proportional reduction m torque. Fur- 
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thermore, the starting current of split-phase motors materially 
exceeds the full load running current. This factor, in addition 
to light wiring or insufficient transformer capacity, often results 
in a reduction in starting torque of the motor in the average 
commercial installation. Good practise in small motor appli¬ 
cation provides that the motor should be able to start the driven 
machine when the impressed voltage is as low as 20 per cent 
below the rated voltage. A centrifugal clutch is often incor¬ 
porated in the design of the motor not only to insure an ample 
starting torque and reduce the effect of the current taken 
during starting, principally by cutting down the time during 
which it is taken, but also to provide an element of flexibility 
in the case of a. machine rigidly connected to the motor. The 
clutch will slip in the event of sudden or extreme overload, thus 
protecting the combined unit. 

Fig. 2 will give an idea of the comparative values of the cur¬ 
rent and its duration taken by 
split-phase motors during start¬ 
ing. These curves are oscillo¬ 
graph records. Curve A repre- | 
sents a motor without centrifugal ^ 
clutch, driving a generator, and 
curve B is for a motor of equiv¬ 
alent capacity and speed, equip¬ 
ped with a centrifugal clutch, 
operating under similar condi¬ 
tions. The latter motor is supplied with a different starting wind¬ 
ing, being permissible where a clutch is used. It should be noted 
that rulings prohibiting the use of single-phase motors upon 
lighting circuits, based upon the amount of current taken by 
the motor while starting, are misleading when expressed in terms 
of full-load current taken by the motor. For example, though 
the starting current of a f-h.p. motor may be only three times 
as great as the full-load current, its value may exceed that of a 
i-hp. motor, even though the starting current taken by the latter 
may be five times its full-load current. It seems reasonable 
that such rulings should specify in amperes the permissible cur¬ 
rent which motors may take, corresponding to the established 
voltages. 

The pull-out or maximum torque of the motor must obviously 
be sufficient^ to take care of any peak loads to which the motor 
may be subject in driving the machine, even at voltages some¬ 
what lower than the normal rated circuit voltage. 



Fig. 2 
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Many small motor-driven machines a’’® 
upon to operate continuously, but only for short ^ ■ 

prolonged periods of rest intervening between operating pe • 
Sbtoily, in these cases intermittently rated motors ma^^ 

employed. However, unless the cycle of opera ion 

fined by practise, it is well to use. a motor so rated that it w 

run the machine continuously without attaining a ^n^rous 

temperature. Sometimes the machine may be ™ | 
mistake. Small motors of commoner designs ^nd c^Pacitaes 

will attain their maximum temperature in from 

hours. Commercially it is not permissible “rler^ce 

motor-driven machines, particularly those ^ 

or in stores and offices, to employ motors so f 

attain a temperature as high as the insulation will safely 

stand, for the motor becomes appreciably hot to the touch and 

The starting torque and pull-out torque of 
power motors are usually measured in ounce-feet The diagra 
shown in Fig. 3 (which is here reduced in size) has been p 
pared, covering the various charactenstics of 
power single-phase and polyphase motors, and is usef 
purposes of reference. The following illustrations will indicate 
how it may be employed in small motor application work._ 
Knowing the Horse Power and Speed at Full Load, to e ermine 
Full-Load Torque. For example, find the 

l-h.p. motor running 1700 rev. per min. at full load (180 . 

per min. synchronous speed). Find the intersection of the ver- 
rical line through 1700 rev. per min. with the curve inarke^ 
f h.p. (560 watts), and horizontally opposite this inter 

fit fhe left is the torque, 36.5 oz. 

The Starting Torque and Maximum Running ^ 

f ound by multiplying the full-load torque by the 
For example, if the starting torque of this ^ 

1.5 times the full-load torque, its value is " ^ 5 

Likewise if the maximum f ! Vl of 

times the full-load torque, its value is 2.5 X 36^5 - 91 _ . 

These constants must be determined from the characteristic 

piirvp'^ of the individ-UQ/l xnotor. , 

TU Bon, F«.er «1 Moxinum can “'s” 

from the curve if the speed is known. For apprommate results 
tlTslio of small split-phase induction motors at manmum torque 
Snte iTn at’ld per cent. In the ease of the above motor 
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Fig. 3—Chart for Determining Relative Characteristics of 

Small Induction Motors 

For current in two-phase motors, take half the value indicated for single-phase motorsi 
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the speed at maximum torque will therefore be approximately 
1450 rev. per min. Find the intersection of the vertical line 
through 1450 rev. per min. with the horizontal line through 
91 (oz. torque). This is near the line representing 1.5 h.p., 
which is the approximate power developed by the motor just 
before pulling out, or stalling. 

Knowing the Horse Power and Efficiency, to find the Real 
Watts; for example, assume that the efficiency of the f-h.p. 
motor is 75 per cent. Find the intersection of the vertical line 
through 75 with the f-h.p. curve and horizontally across from 
this intersection is 746 watts. 

Knowing the Real Watts Input, the Power Factor and the 
Voltage, to find the Current per Phase (or per terminal); for ex¬ 
ample, assume that the power factor of the foregoing motor is 
70 per cent and the voltage 220 volts. Locate the intersection 
of the 70 per cent power factor vertical line with the diagonal 
representing 746 watts. The horizontal line passing approxi¬ 
mately through this point represents 1050 watts apparent. 
Then from the intersection of the vertical line representing 
220 volts with the diagonal representing 1050 watts, the hori¬ 
zontal line representing amperes is determined, namely 4.8 
amperes, single-phase, or 2.8 amperes three-phase. The current 
per terminal in a two-phase motor is one-half that for a single- 
phase motor, and in this case would be 2.4 amperes. 
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Discussion on Fractional Horse Power Motor Load,” 
(Lester), Cleveland, Ohio, March 19, 1915. 

G. H. Garcelon: Mr. Lester, in his paper, has brought out a 
point that will bear further discussion; namely, the question of 
selecting a motor to operate a given device and give the best all- 
around service when used on the different circuits encountered 
over the wide area in which motor-driven devices are applied. 

Motors manufactured and sold in quantities for application 
to motor-driven devices to be marketed broadcast must neces¬ 
sarily follow some standard. This is true from the standpoint 
of economical manufacture by the electrical company and also 
from the standpoint of the stock carried by the resale manufac¬ 
turer at his factory and his various agencies. 

The sale of motor-driven devices with motors wound for special 
voltages or frequencies is unprofitable for both manufacturers. 

On this account, motors for this class of service and of sizes 
suitable for operation from lighting circuits are generally rated 
at 110 volts 60 cycles, or 115 volts direct current. Inasmuch as 
by far the greater percentage of fractional horse power motors 
is operated from single-phase a-c. circuits, the following points 
will bear on this type, although they may be applied equally 
well to d-c. motors, with certain limitations. 

Most lighting circuits supply current at 110 volts 60 cycles, 
but there are circuits rated at 104 volts and even as low as 100 
volts. On the other hand, 120-volt circuits are frequently en¬ 
countered. 

Of course it is impossible to maintain a uniform voltage through¬ 
out a distributing system, which again results in voltages vary¬ 
ing from standard. Circuits which are loaded at times to their 
full capacity and often beyond it, give rise to varying voltage 
at a given point. The current drawn by a motor at starting and 
on overload also causes an additional drop in voltage in the local 
circuit and variations under the different conditions. 

For the foregoing reasons a motor must be designed to satis¬ 
factorily operate the device to which it is attached under condi¬ 
tions which are far from ideal. Unfortunately the torque de¬ 
veloped by a motor varies as the square of the voltage applied 
to its terminals, so that at 90 per cent of its rated voltage it 
develops but 81 per cent of its normal torque. This is partic¬ 
ularly detrimental under starting and maximum load conditions. 
Furthermore, the voltage at the motor^ terminals is lowest, due 
to local line drop, when high voltage is most needed, namely, 
at starting and on overload. 

From a consideration of these points it is evident that, to give 
universally satisfactory service, a motor must not only have 
sufficient capacity to handle its attached device under very 
unfavorable conditions due to low voltage, but also rnust con¬ 
tain a liberal amount of active material so that it will not be 
injured by voltages above normal. 
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From the experiences of the manufacturers of motors and 
motor-driven devices it has been demonstrated that motors for 
this class of service should be so applied that, on the basis of 110- 
volt rating, they will satisfactorily handle the device under its 
maximum load at 90 volts and also operate on 120 volts without 
injury to the motor. This means that a motor operating on the 
highest permissible voltage must have torque approximately 
80 per cent in excess of that required to perform its normal 
functions. 

Coupled with this, consideration must be given to the effect 
of manufacturing variations in both motor and driven device, 
as already pointed out in Mr. Lester’s paper. These variations 
will be at least 10 per cent in each case, which gives the condition 
that the best motor, on the best device, at maximum voltage, 
is at least twice the capacity that would be required under ideal 
conditions. On the other hand, care must be exercised to keep 
the capacity of the motor to a safe minimum in order to produce 
a motor having the lowest cost, best performance, lightest weight 
and smallest starting current consistent with safe and reliable 
operating characteristics. 

As previously stated, the prevailing alternating-current light¬ 
ing circuit is supplied with 60-cycle current, but many circuits 
are encountered which show variations in frequency, as well as 
circuits rated at 60 cycles which are in reality several cycles 
higher or lower. While such variations are a smaller percentage 
from standard than the voltage variations, and consequently 
of less effect on a motor, yet they must be considered in its design 
and application. 

Variations in frequency have effects on the torque of a motor 
similar to voltage effects but, as previously mentioned, the per¬ 
centage variation is smaller and is generally disregarded in the 
design of a motor, as far as torque characteristics are concerned. 
It is assumed that the allowance for voltage variations will give 
sufficient margin of safety. 

Manufacturers of motor-driven fan-type blowers of any kind 
must give this point consideration, however, owing to the rapid 
increase in power required when the speed of the fan is increased. 
The speed of most widely used single-phase motors is a function 
of the frequency and the torque varies inversely as the square of 
the frequency. From this it follows that high frequency not 
only increases the load but decreases the torque available. The 
principal cause for giving variations in frequency careful consider¬ 
ation in the design of a motor for a given device arises from the 
fact that most commercial motors for single-phase operation 
employ one or more centrifugally operated auxiliary devices 
used for starting; such as switches, governors, clutches or some 
combination of the three. 

These devices are designed to operate at some predetermined 
speed bearing a definite ratio to the synchronous speed, which is 
of course fixed for a given motor by the frequency of the supply 
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circuit. Hence, if the frequency differs from^ that for which 
the device is designed, the ratio of its operating speed to the 
actual synchronous speed of the motor is altered, and the operat¬ 
ing characteristics of the motor variously affected, depending 
upon the function of the centrifugal device or devices employed. 
This feature is one which is primarily the problem of the motor 
manufacturer but should be borne in mind by the resale manu¬ 
facturer when it is known that a machine is to be operated on a 
circuit varying from standard frequency. Consultation with 
the motor manufacturer is to be recommended in such cases unless 
previous experience with the same type motor has demonstrated 
that the variation has no detrimental effects. 

All these factors, coupled with the zeal of the resale manufac¬ 
turer to obtain the cheapest possible motor-driven outfit, render 
the application of a small motor to such apparatus a real problem 
and make it highly desirable to have the application made jointly 
by the engineers of both manufacturers. 
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THE FACTORS INVOLVED IN MOTOR APPLICATIONS 


BY DAVID B. RUSHMORE 


^ work of applying electricity to industrial operations 

consists in properly combining the motor, controller and ma¬ 
chine to be driven. This involves the characteristics of all 
three and a number of other features which are concerned more 
or less in the particular situation. 

The following is a list of some of the factors involved and is 
intended to be used as an introduction to a discussion on the 
individual features concerned. 

Summary of the Factors Involved 

1. Alternating or direct current available? 

2 . Voltage and frequency (if alternating current)? Possible 

variations in same? 

3. Capacity of generating station and lines? Other load on 

systems? (This information is required for determin¬ 
ing effect of starting). 

4. Description of machine to be driven? Continuous or 

intermittent service? Can intermittently operated ma¬ 
chines be arranged as to not operate simultaneously? 
Limited speed? 

5. Method of drive. Group vs..individual. Direct connec¬ 

tion (Size of coupling, rigid or flexible, insulated? Shaft 
extension, sub-base, etc.) 

Belt drive (Size of pulley, distance between pulleys, out¬ 
board bearing, belt tightener?) 

Chain drive (Size of pinion). 

Gear drive (Size of pinion). 

Friction drive (Is motor to be started light and clutch 
thrown in when motor is up to speed?) 

6 . Load conditions. 

Continuous? 
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Cycle-duty, in which a definite cycle repeats itself with 
more or less regularity, the machine stopping after 
each cycle? 

Varying-load duty, in which more or less definite cycles 
are repeated, but motor runs continuously? 

(Load diagram required during a complete cycle of 
operation. This gives the maximum horse power, 
length of load on, time off and friction load). 

Can any parts of cycle be varied with benefit? 

Variation in load caused by change of conditions, such 
as decrease in the head on a centrifugal pump. Al¬ 
lowance must be made in the motor size to take care 
of such contingencies. 

Future conditions? Is it possible that the load on the 
motor may be soon increased? Motor speeded up? 
Flywheel effect required? 

7. Starting conditions. 

Frequent starting, stopping or reversing? 

(Number and time off?) 

Time of acceleration? 

Does load on motor increase as it comes up to speed? 

8 . Speed. 

Is close speed regulation essential? 

Constant speed? 

Adjustable speed? 

Vaiying speed? 

Multi-speed? 

Speed range required? 

At reduced speed, is horse power output reduced in 
proportion to speed {i.e. constant torque)? If not, 
give the proportion. 

9. Control. 

Hand or automatic? 

Remote? 

Oveiload or no-voltage release? 

(Time setting?) 

Limit switches? 

Brakes? 

(Mechanical or electrical?) 

Stopping of large motors? 
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10 . Conditions of location. 

Dust, moisture, acid fumes, inflammable material, high 
temperature, etc.? 

Ventilation? 

Space conditions? 

(Method of mounting motor, access for repairs, etc.) 
Safety arrangements? 

Insurance regulations? 
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Discussion on Factors Involved in Motor Application/' 
(Rushmore), Cleveland, Ohio, March 19, 1915. 

The Factors Involved in Motor Application, with Par¬ 
ticular Reference TO THE Rubber Industry 

A. P. Lewis: Within the last five years the impetus received 
by the rubber industry has necessitated special motor applica¬ 
tions to facilitate production. The first installations, however, 
developed the fact that there were several conditions to be met 
which differentiated the drives from certain standards assumed. 

Not less than 75 per cent of the total energy in the form of 
mechanical motion is utilized in the treatment of the crude 
material before it reaches a condition where manipulation is 
dependent upon the product. It might be inferred, therefore, 
that the engineer would encounter his major problems in these 
stages of the manufacture, and such is the case. 

There are three kinds of machines for advancing the process 
which require special motor applications, viz., washers, mixing 
and warming mills, and calenders. While the functions of the 
washers and mills are not the same, their design and load char¬ 
acteristics are similar and may, therefore, be merged when con¬ 
sidering driving units. 

A brief digression may not be inopportune to acquaint those 
unfamiliar with the action of these machines. 

All wild rubbers have foreign matter in them held in physical 
suspension. It is the work of the washer to remove this. The 
machine consists of two end housings, and journals which 
carry two rolls in a horizontal plane, whose surfaces are riffled, 
and which are turned at different surface speeds. The rubber, 
in pieces, is passed between the rolls, while water is played on 
it, and the tearing action soon liberates the dirt, which is washed 
out. These machines are always operated at a constant speed. 

After the rubber has been thoroughly dried, it has to be 
mixed with sulphur and other ingredients to give the vulcanized 
product the qualities desired. This mixing is accomplished on 
a mill which is much like a washer, but of larger proportions, 
and with smooth rolls. These mixing mills are also operated 
at a constant speed. 

Following the seasoning period, it becomes necessary either to 
sheet the rubber out in a variety of ways,, or to apply it to 
fabric. This is done on a calender, which usually consists of 
three or four superimposed rolls, which may be run at the same 
or different surface speeds by means of end roll pinions. These 
rolls are capable of very fine adjustment. The ability to vary 
the speed plays a very important part in the efficient working 
of the rubber calender. 

With this brief digression concluded, it may be noted that 
the principal motor applications simmer down to two in number, 
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one for constant speed, the other for adjustable speed, but 
both for heavy duty. 

Reference may now be made to Mr. Rushmore's complete 
synopsis by number, with reference to design of the mill or 
washer driving unit. 

1 . Alternating or Direct Current Available^ We will assume 
that alternating current is available, as it is the logical system 
to use for several reasons. 

(a) Over 60 per cent of the electrical energy is transformed 
to mechanical motion by constant-speed motors. 

(b) . Central station energy may be utilized with minimum 
loss. 

(c) Large blocks of power may be transmitted efficiently. 

(d) First cost and maintenance of the system is lower. 

2. Voltage and Frequency. The potential should not be less 
than 440 volts in the system, and 2200 volts may be advisable, 
stepping down, if necessary, for building or departmental dis¬ 
tribution. A standard frequency of 60 cycles, should, I believe, 
be rigidly adhered to. Some few years ago there may have 
been arguments in favor of 25- or 30-cycle systems in plants 
using synchronous converters, due to their superior operating 
characteristics at low frequencies. The advance of the art 
has remanded those arguments. 

Z. Capacity of Generating^ Station and Line. This particular 
feature will vary with each instance, and need not be elaborated 
on. As in nearly all industrial applications, the generating 
station may be assumed to be working at or near capacity, and 
therefore starting currents for large motors are limited. 

4. Description of Machine to be Driven. The function and 
brief description of wavshers and mills has already been pre¬ 
sented. They are direct-connected to a line shaft turning from 
80 to 100 revolutions per minute, and the mode of operation is 
such as to require motors designed for continuous service. The 
speed of the mills or washers is limited by two features, first, 
by the action of the rolls on the rubber and the ability of the 
operator to handle the stock properly, and secondly by the 
mechanical limitations of excessive wear and vibration. High 
speed on rubber machines, as designed today, is of question¬ 
able value, as maintenance costs rise out of all proportion to 
the product passed. 

5. Method of Drive. The individual drive for rubber machines 
of the class being discussed should not be considered where 
avoidable. The very apparent reasons are ones of first cost, 
floor space, and motor efficiency. On the other hand, too wide 
a limit must not be exceeded in a group drive, or maintenance 
cost will go up. I believe that the most economical rubber 
mill drive contemplates the use of not over eight mills per 
motor, with preferably six. With this number, the drive shaft 
length is restricted, distortion is negligible, and with properly 
designed mechanical appliances, repair costs are practically nil. 
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All troubles on mill drives with which I am familiar may be traced 
back , to mechanical deficiencies, excessive vibration, mis-align- 
ment, shaft-whipping, or eccentricities, all of which act cum¬ 
ulatively, and revert to the motor with disastrous results. I 
mention these points to impress the close relation between 
mechanical and electrical problems. 

The low speed of the line shaft necessitates a reducing mem¬ 
ber from the motor. Belts are precluded, but motors may be 
connected through a suitable clutch or coupling to the high¬ 
speed member of a chain or gear reduction. ^ I am inclined 
to favor a flexible coupling on the motor shaft in combination 
with a suitable drum to.which a mechanical brake may be applied. 
This avoids one piece of apparatus, subject to repair or in¬ 
spection, and the brake effects a safety device for quick stop¬ 
ping. The use of chain or gears is optional. The chain, no 
doubt, has a good point in relieving the pinion shaft of heavy 
impact, but it will probably exceed the gears in first cost and 
space occupied. The gears, if used, should be in a self-contained 
unit, held in rigid alignment, and operating in oil. I mention 
these mechanical features as the satisfactory operation of the 
motor depends largely on the proper design and installation 
of the driven machinery. 

6. Load Conditions. I have previously stated that individual 
drives should be avoided. The method of operating mills is 
such that the load is variable in the extreme, and machines 
should be grouped to take advantage of the diversity factor. 
Figures will illustrate this effect. A 22-inch by 60-inch mill 
for individual drive will require, in most cases, a 100-h.p. motor, 
but when grouping these mills, we can readily reduce the total 
average consumption of a mill to from 55 to 65 h.p. The aver¬ 
age graph from a group of mills will show a minimum load of 
50 per cent of the average, and peaks of from 150 to 175 per 
cent of the average. These figures are merely illustrative. 
The peaks are apt to be prolonged, and must, therefore, be 
provided for in pull-out torque design. Their heating effect 
is inconsiderable. The use of a flywheel may be of decided 
advantage in some cases, but it is not generally used. I believe 
its general adoption might be advantageous. 

7. Starting Conditions. The cumbersome design of the ma¬ 
chines in question is such as to effect an extreme condition in 
starting. This is especially true after periods of shut-down, 
when the lubricants become more or less disseminated. Mill 
motors are not started frequently, but provision must be 
made for quick stopping of the machines, reversal of the motor, 
and starting the machines again in the opposite, direction. 
This brings up again my line of argument in favor of phase- 
wound motors, mechanically connected to the driving unit 
with a flexible coupling. It is obvious that this unit can be 
disconnected from the line, mechanically braked, phases re¬ 
versed, and started, in much less time than a motor which is 
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clutch-connected, and must be disconnected from the line by 
hand and the momentum allowed to decrease before reversing 
and starting up.^ Furthermore, the latter motor must be up 
to speed before the line is actually reversed, by throwing in 
the clutch. As a safety precaution, moments count, as the 
heat of the rolls is very harmful to the operator, who may be 
caught, and in fact, it is apt to cause more trouble than the 
crushing. 

8 . Speed. The low speed of the line shaft is such as to have 
led the engineers to adopt motors whose synchronous speed 
has, as a rule, not been over 600 revolutions per minute. The 
size of motors usually employed at this speed is such as to in¬ 
sure rigid construction, usually with pedestal bearings; vibra¬ 
tion is a minimum, and speed reduction on the order of 6 to 1. 
Moreover, it is my opinion that the increased diameter of the 
low-speed rotor, together with its weight, gives more flywheel 
effect than the higher speed rotor, with decreased weight and 
diameter. I have no figures at hand which substantiate this, 
however, it can be easily checked. 

9. Control. The control will differ with the type of motor, 
but several features are obviously required. No automatic 
controls are necessary, and would only require a comparatively 
high investment and upkeep. The starting equipments must 
be as near fool-proof as possible, as they are to be operated 
by inexperienced employees. The primary switch should in 
all cases include no-voltage release, and inverse time limit 
relays. The former is connected to the safety bar over the 
mills by a suitable means, as is also the tripping mechanism for 
the brake or clutch. Phase reversal is accomplished by means 
of a knife or oil switch, conveniently located near the starting 
apparatus. 

10. Conditions of Location. Conditions surrounding the motors 
in the plant are not of the best. The principal troubles are 
occasioned by two things: the chemical union of the sulphur 
dust with exposed copper, and the clogging action of the dust, 
which penetrates the most obscure places. These two con¬ 
ditions suggest the following precautions: to avoid the exposed 
contact, and provide dust-proof bearings. Here again, the 
engineer’s personal decision leads him to adopt the lesser of 
two evils. I believe in the judicious use of exposed contacts, 
as they are superior to oil-break switches for use in starting 
large motors. I refer particularly to primary and secondary 
starting apparatus for slip-ring induction motors. The dust 
acts in several ways, to clog oil rings, to gather in windings, 
and prevent heat dissemination, due to the high specific heat 
of the soapstone, to bind brushes in holders, and to prevent cam 
and plunger action on circuit breakers, etc. These troubles 
are obviated by inspections, and the careful use of air blowing. 

I will attempt to summarize briefly the main points to be 
considered in the design of a mill drive. Avoid the use of direct 
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current. Group mills in units of from four to eight. Provide 
flexible couplings between reducing member and mam shaft 
and install a reducing member of liberal proportions, self-con¬ 
tained, with bearings accurate, and rigidly aligned. Install 
the most efficient coupling between the driven member and the 
motor which can be obtained. Avoid the arbitrary use of the 
horse power per inch of roll rule, which may be misleading. 
No blanket rules are available for horse power ^consumption. 
Provide means of disconnecting motor for starting if of the squir¬ 
rel cage type, or use slip-ring motor if direct-connected through 
coupling. Starting equipment should include^ overload and 
no-voltage releases, together with inverse time limit relays, the 
former being operated by the safety bar of the mill. 

I will now present the several conditions affecting the design 
of calender drives. 

It is practically true that all rubber stocks not being used 
in molded goods or tube machines are calendered. Except in 
cases where impressions are to be made, the rolls are ground 
smooth, slightly crowned to provide for spring, and with ^an 
adjustment which allows the operator to gage the product with 
an accuracy of less than the one-thousandth part of,an inch. 
Low speed in calender work is necessary during the threading- 
in process, and until the gage is accurately established, after 
which, economy dictates as high a speed as the stock will per¬ 
mit. This speed is limited by the heat generated, which affects 
the physical and chemical characteristics of the rubber base 
and ingredients of the compound. Slight variations in speed 
affect the gage materially, hence good regulation is of prime 
importance. The torque required varies with the width, thick¬ 
ness and kind of stock being treated, while the horse power 
required varies approximately with the. speed. The torque 
and speed, however, are so inter-related that the resulting 
horse powers are not of as extreme variation as might be ex¬ 
pected. The usual maximum is about four times the minimum; 
this statement referring both to operating speeds and horse 
powers. ^ ^ 

From an analysis of the previous description, it will be seen 
that variable-speed motors are of unquestionable value, also 
that the degree of variation depends entirely upon the class 
of goods worked. Hence, plants differ widely in their calender 
motor requirements. 

Value of a calender drive, as in all industrial applications, 
is a function of production. This involves a fine degree of 
speed control, good regulation, convenience of manipulation, and 
continuity of service. Fine speed control results in careful 
threading-in and later enables the operator to work the stocks 
to the limit in speed, under which speed, labor is. inefficient, 
and over which, stock may be spoiled. Good regulation re¬ 
sults in pre-determined gage, and this, in turn, in economical 
production, as all rubber of heavy gage is lost in vulcaniza- 
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tion, and must be reclaimed. Continuity of service affects 
the smaller plants principally, where daily output may be con¬ 
fined to a few machines. The use of direct-current motors 
undoubtedly combines in a greater degree the advantages above 
enumerated than any alternating-current system of practical 
application. 

I will now touch upon the points tabulated by Mr. Rush- 
more with reference to motor drive for calenders. 

1: Alternating or Direct Current Available} Both alternating, 
and direct-current drives are in use in rubber plants and both 
have their advantages. Assuming an alternating-current sup¬ 
ply, in a plant producing mechanical goods of a comparatively 
low grade stock, it is unquestionably correct to install a multi¬ 
speed induction motor, possibly in conjunction with a two- 
speed gear unit, and clutch, thereby avoiding the losses, com¬ 
plications and investment of the more comprehensive direct- 
current system. The stocks referred to as mechanical are 
usually worked with low speeds, and do not differ materially 
in characteristics, so that the engineer can readily find four 
speeds which will provide all' that is desired in the way of max¬ 
imum production. I am firmly convinced, however, that the 
conditions as outlined are the only ones which warrant the use 
of an alternating-current drive. 

Recent installations have been made including squirrel cage 
induction motors with multipolar windings, and provisions for 
changing the frequency of. the system which result in from four 
to six distinct speeds. Aside from engineering complications 
in design of automatic switch operation, I believe that the 
successful running of the calender for maximum product is 
seriously handicapped. The maximum speed at which a stock 
may be run may fall between two speeds available, and as the 
stock must be worked at the lower speed, machine efficiency 
may readily be on the order of 80 or 90 per cent. I will omit 
further discussion of alternating-current systems, and continue 
my^ subject matter, assuming a direct-current supply, prefer¬ 
ably the three-wire, 110-220-volt system. 

,3. Capacity of Generating Station and Line. The variable na¬ 
ture of the calender load necessitates the use of time limit relays 
•in order to obtain an average load approximating that of the 
generating equipment. A generator of say five hundred kw. 
capacity may readily have peaks of over 750 kw. impressed 
upon it for short periods, while the average load may be fluctu¬ 
ating around 300 kw. Hence the use of the relay. 

4. Description of Machine, etc. Calender motors, should, I 
believe, berated for continuous service, but standard heat guar¬ 
antees will suffice. The work is more or less intermittent, to 
be sure, but the periods of stop are short, and in many cases 
negligible. Machines cannot be handled to avoid simultaneous 
operation, but with the three-wire system, machines on the 
same class of work are staggered with reference to their start- 
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ing connections, and a remarkable balance is thtis effected. 
On a three-wire system with which I am familiar, unbalance 
has never exceeded 30 to 40 per cent of neutral line capacity, 
and is usually very slight. 

5. Method of Drive. Individual drive is a necessity today, 
following the use of the motor, although some of the smaller 
plants operate from line shafts driven at constant speed. The 
usual installation today includes the motor rigidly constructed 
for mill service, which may be connected to a flexible coupling 
or clutch and to the speed-reducing member of the calender. 
Here, as in the mill drive, mechanical design is of prime im¬ 
portance, and all vibration should be provided against. The 
use of the clutch provides adequate means for insuring a quick 
stop, while the engineer adopting the flexible coupling must 
provide dynamic braking devices on the control panels. 

6 . Load Conditions. There are several salient variables af¬ 
fecting the load conditions of the calender: size of machine, 
speed, gage and specific gravity of stock being among the 
most important. It will, therefore, be seen that rules for 
motor sizes are special in every case. There is a more or less 
definite cycle duty, but it will not modify my previous state¬ 
ment for a motor designed for continuous duty. Variations 
in load can readily be effected by change of the variables just 
mentioned, and the engineer must entrench himself by making 
actual tests of conditions, if possible. The usual limits may 
be found by powder comsumption readings taken wdiile running 
on high gravity, low speed, heavy gage stocks, and again on 
high speed fabric frictioning. Flywheel effect is desirable only 
in certain cases where passes of stock are made which are com¬ 
parable to rolling mill practise. These applications are few 
in number. 

7. Starting Conditions. Calender drive should certainly pro¬ 
vide convenient and ready means for starting and stopping. 
A floating stop is all that is necessary in the ordinary run, but 
in case stock or fabric wrinkles, or the operator becomes caught, 
the connecting clutch or dynamic brake switch must be so 
connected as to provide instantaneous stop. Starting con¬ 
ditions are quite severe, and assuming the use of the shunt-wound 
motor, it is desirable to specifiy several turns of series field. 
winding to improve the torque at this period. Shut-downs 
may occur frequently with a mass of rubber being worked, 
hence it is desirable to back the machine up to avoid heavy 
starting current. An armature reversal switch is indispensable. 

8 . Speed. The subject of speed has been touched upon. 
Close regulation is not only desirable but necessary; this purely 
from the standpoint that it permits of an accurate gage. 
The questions of multi- or adjustable-speed drive is mooted. 
Maximum production at lowest labor costs, and inherent stock 
conditions are certainly to be considered, and I believe conspire 
against the use of the multi-speed drive, except in the one case 



1015] DISCUSSION AT CLEVELAND 705 

noted in a previous paragraph. The speed range is limited by 
well established lines, these lines being local, however, for each 
plant. The minimum speed is determined by the maximum 
speed at which the operators can handle starting of the process, 
and the maximum speed is limited by the heat-resisting qualities 
of the stock, and by mechanical limitations. This range is, 
I believe, never over four to one, and should not be less than 
three to one. Economy dictates the use of a field weakening 
motor of proper design to give a reduction in speed of two to 
one, the total range being passed through by connecting the 
armature to two or more voltages in sequence. A compromise 
should be effected in multi-speed between first cost of motor 
and maintenance. By this I mean, the use of as high a speed driv¬ 
ing unit as can be utilized without encountering difficulties in 
maintenance occasioned by vibration, excessive wear of gears, 
etc. Experience has shown that motors should probably not 
exceed seven hundred and fifty to eight hundred rev. per min. 

9. Control. The engineer and manufacturer will be amply 
repaid by installing the most complete full magnetic control 
board obtainable. The process is speeded up, the operator is 
unable to harm apparatus by improper manipulation, and ef¬ 
ficiency is promoted to the finest degree. The usual installa¬ 
tion of this kind includes overload and no-volt age release re¬ 
lays and if necessary dynamic braking is accomplished by 
proper means. The controller is conveniently located on the 
calender housing, and safety bars pass the points of danger to 
the operator. 

10. Conditions of Location. The use of direct-current drives 
with the consequent exposed copper surfaces is a necessary evil. 
The action of the sulphur and fumes is such as to coat the copper 
with a high-resistance sulphide which is very troublesome, 
particularly on low-voltage relays.- Soapstone dust acts as 
noted in my previous paragraph on mill motors. The time 
required for these bugbears to become evident by faulty opera¬ 
tion of panels is short and hence constant supervision becomes 
almost necessary. I have found it economical to provide con¬ 
stant attention to direct-current apparatus, as such a step has 
resulted in reducing electrical trouble to a negligible quantity 
and at the same time cutting maintenance costs. 

The more essential points touching the calender drive may 
be summarized in the following: ‘ 

1. Provide a direct-current supply, insuring minimum losses 
to system as a whole. 

2. Potential of system should be as low as good engineering 
will permit. This insures the operation of the magnetic switches 
without undue flashing. 

3. Secure load-speed tests under conditions of maximum load, 
and minimum speed, and vice versa. . 

4. Restrict motor speeds for mechanical reasons. Install 
the highest developed full-automatic control panel obtainable, 
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together with all mechanical provisions possible, working for 
rigidity, elimination of vibration, etc. 

5. After installation, insure satisfaction by frequent inspec¬ 
tions and adjustments, to keep the system in the best of repair. 

Friction Drive 

C. W. Larson: Friction as a means for drive is practically 
eliminated in modern power requirements, This is entirely 
due to the successful application of electric motors to all kinds 
of operations and they are nearly always connected direct to 
the member or members to be driven. There are, however. 



occasions where drive by means of friction is necessary as no 
other method has as yet been developed to take its place. 
Such a case was involved in the design of the Panama towing 
locomotives. 

It was required that a slip device be provided to safeguard 
the tow line from parting should the strain exceed a certain 
maximum. It was also necessary that this slip device be set 
at different values from zero up to full capacity of the motors 
and not vary in friction over 5 per cent. It will therefore be 
seen that if the friction method was to be used, a combination of 
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material must be found that would maintain a constant co¬ 
efficient of friction under all conditions, including starting from 
rest and running. 

It was immediately realized that a metal or combination of 
metals had to be found that would give the least possible fric¬ 
tion. In conducting a series of tests using different combina¬ 
tion of metals, it was found that high friction metal would be 
out of the question. An alloy was finally selected having a 
coefficient of friction of 0.1. The results of the tests are shown 
in Fig. 1, from which it will be noted that the coefficient of 
friction of 0.1 remained practically constant, starting and 
running, whether the surfaces were lubricated or run in water. 

I wish, however, to point out that the design must be such as to 
completely carry off the heat, as a great variation in tempera¬ 
ture will upset the mechanical construction and consequently 
also affect the friction. It will therefore be understood that 
the design must be made to conform to the different conditions as 
they may present themselves in each individual case. 

Explosion-Proof Motors for Use in Gaseous Mines 

The term explosion-proof as applied to motors for mine work, 
according to the definition of the Bureau of Mines, refers to 
a motor enclosed by a casing, so constructed that an explosion 
of a mixture of mine gas (methane) within the motor casing 
will not be communicated to the gases surrounding the motor. 
That is, it will not cause an explosion of the mine gases. 

Explosion-proof motors can be considered of two classes: 
First, a totally enclosed class, built strong enough to withstand 
a high internal pressure, and so designed that the covers on the 
necessary openings can be satisfactorily maintained. Second, a 
class provided with relief openings or valves, designed to relieve 
the internal pressure of the explosion and at the same time cool 
the products of combustion discharged through them to a 
temperature that will not ignite the mine gases. 

To build a motor of the first class would be much more expen¬ 
sive than to construct one of the second class. For this r^son 
attempts to design explosion-proof motors have been confined 
chiefly to motors of the second class. That is to say, the de¬ 
signers have largely followed the principle involved in the Davy 
safety lamp. The application of this principle to motors con¬ 
sists in causing the discharged gases to pass oyer or through 
metallic plates, screens or valves, which by conduction remove 
a large part of the heat from the gases. For the sake of simplic¬ 
ity these devices whether they consist of valves, layers ot 
glazed metallic plates or any combination of them are termed 

protective devices. . .,.1. n ako 

As the ignition temperature of mine gas (or methane) is ool) 

deg. cent., it is evident that an explosion-proof motor to be 
successful, should discharge the products of an internal explosion 
reduced in temperature below this figure. 
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In a successful explosion-proof motor, particular attention 
must be given to the design of the protective devices. The 
most satisfactory form of protective device is one that is capable 
of absorbing a large amount of heat. In order to do this, the 
device should be constructed of metal that is a good conductor of 
heat., A considerable amount of metal should be used and it 
should be so disposed as to offer alarge amount of heat absorbing 
surface to the flames without being itself raised to an unsafe 
temperature. The total area of protected openings from the 
wall of the motor case, should be as large as is consistent me¬ 
chanically. There are two reasons for this arrangement. First, 
it permits the addition of more heat absorbing material; second, 
it decreases the maximum pressure developed. The lower the 
pressure, the lower the temperature of the flame and the less 
heat is passed through the cooling device in a given time. With 
low pressure, the rate of combustion is slower, consequently, 
heat absorption is facilitated. 

An explosion-proof motor of the second class has been de¬ 
signed and has been tested and approved by the Bureau of Mines 
for use in gaseous mines. 

Motor Installations from a Safety and Insurance Point 

OF View 

C. A. Austrom: The application of motors in industrial plants 
has already been very thoroughly discussed from a technical 
and economic viewpoint. It remains to be considered what 
influence motor drive—whether individual or group drive—has 
from a safety and sanitary point of view and in what way it 
would affect insurance. 

In the past, the appeal made to the manufacturers by the elec¬ 
trical interests has generally been on an efficiency and cost basis 
only, and the manufacturers of electric motors have continually 
been investigating and experimenting in an effort to produce a 
machine which will do more work at less cost. 

The advocates of shaft drive for industrial machines have also 
been engaged in a similar effort to meet the competition. Neither 
side has until lately given much thought to the question of safety 
and as to which system is the least dangerous for the workmen. 

Accidents which are directly chargeable to the type of driving 
mechanism add a certain cost item to that system in the form of 
interruption in production, suits for damages due to accidents, 
compensation charges and higher insurance rates. These items 
should be well considered when a comparison between shaft 
drive and motor drive is made. The greater safety to the work¬ 
men and improved sanitation cannot any longer be considered 
as a side issue, but should be a strong argument by the manu¬ 
facturers in selling their machines. 

In a modern plant we do not find, as was often the case in the 
past, the haphazard method of laying out the machines on the 
floor of the factory or "the shop. Efficiency and safety are 
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rapidly becoming more and more important and great attention 
is given to the location of the machines in regard to the handling 
of the product, the light, ventilation and safety of the workmen. 

The old, and still greatly used, method of driving machines 
from main shafting and countershafting is a source of danger 
which has caused many accidents and claimed a heavy toll in 
life and limb of the workers. A large percentage of fatal and 
serious accidents in industrial plants is .due to this counter-- 
shafting with its pulleys, belts, keys, collars and more or less 
exposed set screws. The statistics of insurance companies show 
that a great number of men have lost their lives or have been 
permanently maimed by being caught by exposed set-screws or 
crushed between belts and pulleys. There are many cases where 
women’s hair has been caught and wound around perfectly 
smooth shafts with fatal results. 

Shaft-driven machines are generally started by means of a 
tread or a lever which shifts a belt or operates a clutch. On 
machines' like punch presses and shears, accidents have often 
happened by these operating devices being touched uninten¬ 
tionally, thus starting the machine and seriously injuring a man 
engaged in setting dies or adjusting shear blades. Another way 
by which the machines may be started unexpectedly is, for 
instance, a gradual creep of the belt from the loose to the fixed 
pulley, in this way suddenly starting the machine at full speed. 
The main shaft may be stopped for some reason or other and 
started up without due warning to the man, who may in this 
way be seriously injured. With individual motor drive, the 
starting switch can easily be located in such a way that an acci¬ 
dental starting of the machine would be impossible. All acci¬ 
dents of the nature referred to above could be eliminated if shaft 
driven machines were abolished in favor of motor driven 
machines. 

It may be claimed that shafting can be guarded more or less 
efficiently, but accidents will occur even with the best protection, 
and it is safest to entirely eliminate shafts and belts. 

Shafting and countershafting are usually located along the 
ceilings, and bearings, pulleys and other accessories can only be 
reached by ladders. These various parts require frequent and 
regular attention for oiling, inspection, etc., and sometimes 
even repair work is carried out while the shaft is running. The 
regular attendants and repair men have often to work on these 
ladders in crowded and cramped positions and many serious 
accidents have happened under these conditions. Of course, 
repair work should never be permitted when the shaft is running; 
but even though the shaft is stopped, the work from a ladder is 
always hazardous, and any scaffolding erected for the purpose 
is generally put up in a hurry and in a flimsy way, making it more 
or less insecure and dangerous to the millwrights working upon it. 
Parts of a transmission line fixed in the ceiling may work loose 
and be a source of danger by falling on the men below. 
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Accident records also show many cases where men’s fingers and 
hands have been seriously cut by running belts, particularly 
where the same are jointed by clips, and numerous accidents 
have occurred from the men’s clothing being caught in the same 
way. This danger is particularly great where the practise of belt 
shifting by hand is permitted. 

Shafting, pulleys and belts make it difficult and dangerous to 
handle material by Qranes or overhead runways, and accidents 
have often happened from such operations. This hazard is 
entirely eliminated where direct, individual motor drive is 
used, particularly if all wiring is run through conduits under the 
floors so that there is no obstruction whatever above the machines 
and in the passageways between the same. 

Belts, shafts, bearing hangers and other accessories pertain¬ 
ing to shaft drive cut off a considerable amount of light around 
the machines, making it necessary often to use artificial illumina¬ 
tion even during the day hours. With individual motor drive 
these obstructions are eliminated and the light in the room equip¬ 
ped with individually driven machines is naturally far better 
than in rooms with shaft-driven machinery. The belts not only 
intercept the direct light from the windows, but the ceiling is often 
made dark and dirty from dust and oil thrown off by belts and 
pulleys. The hangers and pulleys are generally themselves of 
a dark color, so that there is very little light reflected upon the 
machines from above. 

In a shaft-driven installation, the machines must be arranged 
in parallel lines, generally lengthwise of the building, and in 
order to economize floor space often have to be placed back to 
back, so that half of the men work in their own shadows while 
the other half face the light. Either of these conditions is trying 
to the eyes, and in the long run tires the men and impairs their 
sight. At the same time it is obvious that such conditions also 
tend to reduce the output very materially. When the machines 
must be placed in fixed positions in relation to the shafting and 
without regard to the direction of the light, and the operator 
consequently has to work in a darkened room or with continuous 
artificial light, the likelihood of accidents is greatly increased. 
The contrast in these respects that is afforded by factories opera¬ 
ted by individual motors is quite striking. When so equipped, 
machines can be located properly, with due reference to the 
best light and the safest arrangement as to floor space. It is 
also more easy to avoid crowding, an important factor in pre¬ 
venting accidents. 

When each machine is driven by its individual direct-connected 
motor, making one self-contained unit, it is very easy for the 
manufacturers of such machines to embody in the design all the 
necessary guards for gears or other dangerous points. When the 
machine is purchased it carries with it all necessary safeguards 
or devices to prevent accidents to the men operating the same, 
and no further expenditure will be required to make the plant safe 
after such machines are once installed. 
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It is easy to understand that a factory equipped with machines 
individually motor-driven can be kept in a much neater andcleaner 
condition than a room filled with shafts and belting. Conse¬ 
quently the sanitary conditions are all in the favor of the motor 
drive. 

The safest installation that can be obtained is where all ma¬ 
chines are driven by direct-connected individual motors. Any 
machine can be readily stopped and is under the complete control 
of the operator of that machine. This eliminates the danger 
which has so often occurred in the past, of inadvertently start¬ 
ing the machinery when some machine was being repaired by its 
operator. 

The next best condition is where the machines are driven in 
groups of a small number of machines to the group. Naturally 
this brings up the question of introducing the hazard of belts and 
pulleys, but by keeping the number of machines in the group to a 
maximum of say, ten, the danger of injuring the workmen by 
starting up the machinery through carelessness is eliminated to 
a great extent. Such a small group can be easily controlled in 
such a way that accidents are not likely to occur. 

In the old type of plant the machines in one room, or depart¬ 
ment, are generally belt-driven from the main shaft, which usually 
can only be stopped by shutting down the entire plant. The 
only way in which such an installation can be safeguarded is by 
having some method of stopping all the machinery in each room 
or department by means of a friction clutch or other^ standard 
device, or by having each such group of machines driven by a 
motor. In this manner, if anything goes wrong in one depart¬ 
ment no time is lost through having to communicate with the 
engineer or the operator of the main engine and shafting, but 
each individual group can be separately and immediately shut 
down by a man working in that room. This method of driving 
machines is, however, not fhuch better than running the machines 
from the main shafting, but there is a small distinction made as 
regards the insurance rates, the so-called department drive being 
considered somewhat safer. 

In addition to the factors of safety referred to above in connec¬ 
tion with motor-driven plants, the insurance interests have taken 
due notice of the improved conditions from an underwriting 
point of view, which follow the adoption of motor applications. 
The safe and dangerous conditions enumerated above have been 
carefully considered by the Workmen’s Compensation Service 
Bureau in its Universal Analytic Schedule. This is adopted by 
all leading insurance companies, and credits or charges are made 
in accordance with thetvp3 of drive used for industrial machines. 
The various types of installation are taken up specifically in this 
schedule and can best be illustrated by giving an example 
Taking a machine shop having, say, twenty-five machines and 
an annual payroll of $50,000, the compensation rate for such a 
machine shop in the State of New York is at present $1.36 for 
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every $100 of payroll. The total premium in this plant would, 
therefore, be 500 by $1.36, or $680. Now suppose each one of 
these machines is driven by a directrconnected individual motor, 
for which the Universal Schedule allows a credit of 10 per cent of 
the base rate—in other words, 10 per cent of the premium. In 
this case, therefore, such an installation would give the owner a 
reduction in his insurance premium of $68.00 per annum. 

If, on the other hand, machines are driven in groups of not 
more than ten machines to each group, the schedule allows a 
credit of 7 per cent, which would mean a saving to the assured of 
$47.60 on his annual insurance premium. 

If in such a plant the machines are driven by departments, 
with proper means of disconnecting all the machines in each 
department from the main shaft by means of a clutch or other 
device, or if each department shaft is driven by its own motor, 
the credit allowed would be in proportion to the payroll of the 
plant. The amount allowed approximating ten so-called points 
per department, the value of the point depending upon the pay¬ 
roll of the plant. In this case, if all the twenty-five machines 
were in one group, the amount would be $2.50. If they were 
divided into two departmental groups of, say, tw^elve machines 
in one and thirteen in the other, the amount would be $5.00. 
This credit seems very small, but in comparison with the two 
previously mentioned types of installation, this last is considered 
far more hazardous by the insurance underwriters. 

The examples given above are in accordance with the rates at 
present in force in the state of New York. These rates vary some¬ 
what in different states, depending upon local legislations. If 
the state laws ip the future are made more or less similar, as, for 
instance, is the case in the rules and regulations for steam boilers, 
the insurance rates will be adjusted accordingly, so as to be uni¬ 
versal for the whole country. The schedule Rating System as 
introduced by the Compensation Bilreau seems at present to 
work to the satisfaction of both the assured and insurance com¬ 
panies. 

From what has been said above, it is evident that motor appli¬ 
cations in industrial installations, particularly the individual 
motor equipment for each machine, is the ideal arrangement 
from a safety, sanitary and insurance point of view. 

Explosion-Proof Apparatus 

W. Baum: The application of electricity in fiery mines has 
attracted the attention of .the engineering professions for a great 
number of years. Our present knowledge of the underlying 
principles and phenomena in connection with fire-damp explo¬ 
sions is due to the ingenious and painstaking experiments made 
abroad and in this country and to the close co-operation of 
mining and electrical engineers. 

The best ^precaution in the application of electricity in fiery 
mines is to install the apparatus at points where fresh air can be 
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supplied. Large pumping motors have been installed in special 
air-tight chambers which prevent the entrance of gaseous mix¬ 
tures. Such chambers are recommended for the installation 
of large motors which do not permit the use of special protecting 
devices. 

Hoisting machines are placed at the lower end close to the 
opening-up shaft and with this arrangement the apparatus can 
be placed in a current of fresh air and avoid the presence of fire¬ 
damp which always accumulates at the highest points of the 
workings on account of its small specific weight (0.554). 

However, the above-mentioned arrangements are not always 
possible, as fresh air ventilation often cannot be obtained. The 
problem arises to provide electrical apparatus with some sort of 
a protection which prevents puncture. In other words, if an 
explosion takes place in the interior of an electrical apparatus, 
a protective device must be employed which prevents the igni¬ 
tion of the surrounding gases. 

The classical experiments carried out conjointly by the lead¬ 
ing German electrical firms and the mine authorities in 1903, 
1904 and 1905 have remained the basis for the design of such 
protecting devices. The practical results of these tests have 
been verified in other countries and our knowledge and under¬ 
standing of the explosion characteristics has increased to such 
an extent that any opposition to the installation of electrical 
apparatus in fiery mines can be effectively met. Credit is also 
due to the investigations of the U. S. Bureau of Mines. 

Fire-damp is a mixture of air and methane, CH 4 . Other 
gases have been detected, for instance, ethane, free hydrogen, 
the noble gas helium and others. The explosion temperature 
of methane is 650 deg. cent, but according to English and-French 
investigators, explosions must be anticipated at lower tempera¬ 
tures when ethane or other gases are present. It is, however, 
doubtful whether these gases will seriously affect the results of 
the original experiments. Theoretically, the maximum explo¬ 
sion pressure occurs with a mixture containing 9.5 per cent 
methane. Recent experiments in France have shown that the 
most violent explosion corresponds to the maximum velocity 
of propagation of inflammation. The German and American 
experimenters observed the maximum explosion pressure with 
8 per cent and 8.6 per cent respectively. 

The fundamental experiments in Germany resulted in three 
forms of constructions which have proved successful in the 
design of explosion-proof apparatus, namely: 

1. Total enclosure. 

2. Laminated plate protection. 

3. Oil protection. 

Other constructions as labyrinth, flange, tube and gauze 
protection are very interesting but of no practical importance 
with the exception, perhaps, of the latter. This gauze protec¬ 
tion, hov/ever, has the dangerous disadvantage of after-burning. 
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1 . Total Enclosure. The apparatus is totally enclosed and made 
as air-tight as possible. The casings are designed to withstand the 
maximum explosion pressure of eight atmospheres. This type is 
favored in Germany by one of the large manufacturers, and for 
obvious reasons can be applied to small motors only. Large 
motors are often provided with air or water cooling features to 
maintain a minimum weight. These special features, of course, 
complicate the operation and lead to higher costs. 

2. Laminated Plate Protection: The principle of this device 
is based on the Davy lamp screen which breaks up the gases into 
small streams and permits effective cooling. The device con¬ 
sists of laminated plates fixed to the end openings or to the covers 
of the apparatus through which the gases travel and expand, 
thereby securing an additional cooling effect. The statement 
that the plate protection has given the best practical results, must 
be emphasized. The important condition is, how’-ever, that the 
plates must not exceed a distance of Jmm. (0.0197 inches) and 
any deviation from this condition results in punctures as also 
shown in the experiments of the U. S. Bureau of Mines. As a 
rule, the plates are | mm. (0.0197 inches) thick and are suitably 
protected against injuries from falling pieces. If the openings 
are not frequently and periodically cleaned, coal dust will ac¬ 
cumulate and seriously interfere with the ventilation. In .case 
of an internal explosion, the coal dust will simply be blown out 
wuthout igniting. The plates are often arranged in a frame to 
facilitate removal, cleaning and replacement. A sufficient 
number of plates must be provided to secure satisfactory cross- 
sectional flow of air through the plates and with properly designed 
construction the reduction of output will be nearly the same as 
that due to alteration from an open type motor to a ventilated 
enclosed motor. An artificial increase of ventilation by means 
of a fan should be omitted as the internal pressure is raised con¬ 
siderably, according to the experiments of the Bureau of Mines. 

3. Oil Protection: Switches, controllers and other accessories 
in fiery mines must be explosion-proof and are to be protected 
against moisture, dirt and unskilled handling. 

A German company has developed controllers up to 5000 volts 
in which the contacts are completely covered by oil to prohibit 
the formation of arcs. The oil tank can be lowered by a special 
mechanism, thus permitting free access to the contacts. The 
same company has designed oil switches with maximum and no¬ 
voltage release placed in cast-iron cases and submerged in oil. 
For underground lighting, oil switches are built on top of trans¬ 
formers, thus forming a unit. The oil switches can be provided 
with plate protection and in such a case, there is no need of sub¬ 
merging the overload coil in oil. Whenever oil protection is 
used, it must be borne in mind that the current densities of the 
contacts must be low enough to prevent heating of the metal 
parts, vaporization and decomposition of the oil. Of course, 
all contacts, must be completely covered by the oil, as otherwise 
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flames may break through and cause ignition. The contacts 
should, therefore, be placed at the bottom of a tank of sturdy 
construction. 

New protective devices by German firms are usually sub¬ 
mitted to the mining authorities for tests and with their approval 
are put in standard production. Before shipping, however, each 
apparatus is tested in a trial station which each of the leading 
firms has provided for the purpose of testing explosion-proof 
apparatus. While the mining authorities use fire-damp obtained 
from a mine, the factory tests are taken with a mixture of air 
and approximately 15 per cent illuminating gas. These tests 
do not claim scientific importance as the nature of the explosions 
with illuminating gas are somewhat different from those with 
methane, but for the purpose of detecting undesirable gaps or 
other faults, they are entirely satisfactory. 

It is interesting to note that a great many years ago standards 
on the application of electricity in mines were adopted in foreign 
countries: in Belgium 1895, in Austria 1899, in England 1902 
and in Germany 1903. The latest standards covering the design 
of explosion-proof apparatus were adopted in 1912 by the German 
Society of Electrical Engineers (V. D. E.). As these exhaustive 
rules have done much to encourage and stimulate the design of 
such apparatus, I wish to read an English abstract translation for 
the benefit of those who are not already acquainted with them. 

Regulations for the Construction op Explosion-Pro¬ 
tecting Devices for Electrical Machines, 
Transformers and Other Apparatus 

A. The Different Kinds of Protection Devices: 

I—Enclosed Casings: It consists of a totally enclosed casing 
covering machines, transformers and other apparatus. For 
this enclosure the following requirements are to be met: 

(a) All parts of the casing are to be so constructed that they 
can withstand an inner pressure of eight atmospheres (113.6 lb. 
per sq. in ). Subdivisions of the enclosed interior inter-connected 
by narrow openings give rise to higher pressures and should, 
therefore, be avoided. 

(b) The joints of the assembled enclosed parts as well as the 
bearing surfaces of covers, doors and lids are to be broad, 
smoothly machined flanges. Gaskets at such places should be 
avoided as far as possible. In case gaskets are used, care should 
be taken that they cannot be forced out by explosions. Gaskets 
made of material subject to deterioration, as rubber, asbestos, 
or the like are not permitted. 

(c) The protecting means are to be extended to all passages 
through which the gases, in case of .an explosion, escape from the 
interior of the casing to the outside. Shafts and operating spindles 
are to be supported in long metal bushings where they pass 
through the enclosing case and these bushings themselves are to 
be securely fastened to the casing. 
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The bushings for electric wires are to be tightly packed in such 
a way that they will withstand the pressure of an explosion. 

II—Plate Protection: With this type of enclosure, packets of 
metal parts are mounted at the openings of the housing of ma¬ 
chines, transformers and other apparatus. The plates are held 
at a definite distance apart by means of separating pieces. 

The following rules are to be observed: 

(a) Metal plates are used which have a width of at least 50 
mm. (1.97 inches) and a thickness of at least 0.5 mm. (0.0197 
inches) and are arranged by means of suitable separating pieces 
so that their distance apart does not exceed 0.5 mm. (0.0197 
inches) and cannot be exceeded on account of bending of the 
plates. The material used is to be bronze, brass, tinned or 
galvanized iron. 

(b) The plate packets are to be protected against outside in¬ 
juries. ^ It is recommended to make them removable so that 
convenient inspection and easy replacement are possible. 

(c) The conditions under 1(h) and /(c) are to be met. Unless the 
number of slits is not sufficiently large to prevent a rise of pres¬ 
sure, the conditions of / (a) are also to be met. All parts are to 
be perfectly tight. 

■^IP Wire-Gauze Protection: In this method of enclosure all 
housings of machines, transformers and other apparatus are 
covered by screens of wire gauze, or housings are constructed for 
machines, transformers and other apparatus in which openings 
are covered by such wire gauze. 

The specifications for this enclosure are the following: 

(a) The gauze is to be made of safety-lamp wire gauze of 144 
meshes per sq. cm. and 0.35 mm. wire diameter (930 meshes per 
sq. in. and 0.0138 inches wire diameter). The wire gauze is to 
consist of bronze or galvanized iron, to have uniform structure 
and be free of defects. 


(b) Each opening is to be provided with at least two layers 
of wire gauze which should be spaced 5 to 20 mm. apart (0.197 
inches—0.79 inches). The total protection gauze surface is to 
be at least 150 sq. cm. per liter of fire-damp contained in the 
enclosed space (approximately 21 sq. in. per 1 quart). 

(c) Large gauze prfaces are to be provided with strengthening 
nbs in order to maintain their distance apart. The gauze is not 
to be secured by solder but rather clamped in frames by means of 
screws. Great care is to be taken that no gaps occur at the points 
of fastening. The gauze is to be protected against injury by 
perforated iron or similar means. It is recommended to arrange 

the gauze in removable covers to permit easy inspection and 
replacement. 


(d) The conditions of 1(b) and J(c) are to be met. All parts are 

to be perfectly tight. 

(e) The gauze surfaces are to be so arranged on the enclosed 
case that flames due to any after-burning do not travel along the 
gauze and that combustible bodies cannot fall upon them. In 
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order to decrease the after-burning many small surfaces rather 
than few large ones are to be used. 

IV. Oil Protection: In this method of protection the whole 
apparatus which is liable to sparking or dangerous heating due to 
the electric current is enclosed in a casing filled with mineral 
oil free of resin and acid. The oil level is to be so high that spark¬ 
ing^ above the level is impossible. The required height of the 
oil is to be indicated by a mark. The height of the oil is to 
be visible without opening the case. 

3. Application of the Various Protecting Devices: 

I. For machines, transformers and other apparatus, two kinds 
of construction may be used: 

(a) The entire machine, transformer and apparatus are to be 
made explosion-proof according to section A. 

(b) Only those parts of machines, transformers and apparatus 
which are liable to sparking in ordinary operation, are to be 
made explosion-proof according to section A . The safety of 
those parts, however, which are liable to sparking only under 
unusual conditions is increased by 

1. A special mechanical inspection. 

2 . 50 per cent increase of insulation stress. 

3. 25 per cent decrease of heating guarantees. 

For apparatus other than machines and transformers the fol¬ 
lowing applies: 

Liquid starters without special protection are not permitted. 

Rheostats may be furnished without protecting devices under 
the following conditions: 

(a) The electrical stress of the material is so small that dan¬ 
gerous heating is impossible. 

. (b) The resistance material is so strong that it cannot break 
in normal operation and is so securely fastened that contact 
between different parts is prevented. 

_(c) By -proper enclosing, foreign bodies cannot fall in, and 
dripping water cannot enter. 

(d)^ All wire connections are soldered or securely screwed 
together. 

All screw contacts which cannot be protected by enclosures, 
should be so secured that a loosening of the screws and a result¬ 
ant poor contact cannot take place (motor terminals, resistances, 
etc.). 

Plug contacts are to bo so constructed that the plugs fit 
tightly in the receptacle and thus prevent sparking when in 
place; they are to be inter-locked with explosion-proof switches 
in such a way that the plugs can only be set in or taken out when 
the circuit is open. 

C. Other Constructions. 

Other constructions than those mentioned under A and B for 
protecting ^ machines, transformers and other apparatus are 
permitted if such devices have been found to be explosion-proof 
by a special test at a recognized station for explosion tests. 
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We see from the last paragraph of these regulations that the 
various constructions mentioned are not considered to be the 
only ones possible to devise. But the German rules show 
the direction along which the design of explosion-proof 
apparatus should be followed and it is to be hoped that the 
tests carried out in this country by the Bureau of Mines will 
ultimately result in the adoption of similar rules by the American 
Institute of Electrical Engineers. 

The Influence of Inflammable Mine Gas upon the Design 

OF Motors for Mine Service 

H. H. Clark: Methane (CH4) is an inflammable gas that oc¬ 
curs in many coal mines, especially the deeper ones. The mine 
ventilating systems are designed to remove from the workings 
the gas that escapes from the coal and to remove it in a condition 
so diluted with air that it cannot become ignited. 

Electrical equipment should not be used in mines or parts of 
mines where the proportion of ventilating air to the gas that it 
carries away is not so great that the presence of explosive mix¬ 
tures is the rare exception and not the general rule. Elowever, 
since the gas enter the workings at a very ununiform rate and at 
the more remote points in the mine where the ventilation current 
is least strong, the gas, although usually removed promptly, may 
sometimes accumulate in dangerous quantities in caved areas 
through which there may be very little ventilation. This 
condition may also occur at the face of a working as the result of 
an interruption or disarrangement of the ventilating system. 

These possible accumulations of gas or the occurrence of a 
large blower of gas at the face constitute the danger against which 
the use of explosion-proof protection of electrical equipment 
can consistently be used. 

The U. S. Bureau of Mines has applied the term explosion- 
proof to motors or other pieces of electrical equipment that 
are^ so constructed or protected that they will not cause the 
ignition of explosive mixtures of mine gas and air. Various 
similar terms were considered before this term was finally 
adopted as most expressive and fitting, as well as the term used 
exclusively by^ the original German investigator, to whom the 
art is largely indebted. 

The use of explosion-proof protection should be regarded as 
a factor of safety in emergencies and not as the principal bul¬ 
wark against the ignition of gas by electrical apparatus. The 
ventilating system, must always be regarded as the main defence 
against such contingencies. 

Motors that Require Protection, The motors that most need 
explosion-proof protection are those that are to be used in the 
advance workings. The most notable examples of such motors 
are those used for operating coal cutting equipments. In 
rnines that produce a good deal of gas, motors that are opera¬ 
ting on the mturn air-way might also with reason be provided 
with explosion-proof protection. 
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Motor Parts that Require Protection. The commutator of 
direct-current motors is the first thing that suggests itself as 
needing protection when one considers the subject of explosion¬ 
proofing, but it is manifest that any part of a motor equipment 
that will produce a spark capable of igniting gas must be pro¬ 
tected as completely as the commutator. 

Dangerous sparks can be produced at the contacts of starting 
rheostats and wherever the circuit is intentionally broken 
automatically or by hand or wherever the circuit may be broken 
accidentally. It is common experience that portable machines 
are subject to breaking of wires that connect one part of the 
motor to another. Therefore, it is desirable to protect all 
wires so that the possibility of their being broken is reduced 
to a minimum, and it is best to design the equipment so that 
all wires are in explosion-proof casings from the point where 
they enter the machine. Therefore, to be specific, the entire 
equipment should be protected so that there should be no 
danger from commutator sparks, from fuse flashes, from hashes 
from starting rheostat contacts, or from open circuits or broken 
wires. 

Means of Protection. A volume could be written on the various 
experiments that have been made in connection with explosion- 
proof motor protection, but it is sufficient to say here that 
one of the most effective means that has been devised for the 
purpose is to provide the frame of the motor with relief open¬ 
ings of comparatively large area, by placing side by side about 
one half millimeter apart, plates of metal.about one half milli¬ 
meter thick. The flames of an explosion that may occur inside 
of a motor casing, as they pass out between these plates, are 
cooled below their ignition temperature before they can escape 
from the motor casing and ignite any gas that may surround 
it. This form of protection has been found to be extremely 
effective and is of a type that lends itself to rugged mechanical 
construction. 

Having by this means secured an explosion-proof casing, 
the next step is to install in this casing the contacts of the 
starting rheostat and the fuse or circuit breaker that is used 
with the motor. It is also desirable to run all wiring inside 
of the explosion-proof casing as far as possible, and when this 
can not be done the wires should at least be covered by the 
metal parts of the machine frame so that it will not be possible 
to break them. Since the wires can not be protected all the 
way from the source of power to the motor, there must be 
some point where the wires must shift for themselves, so to 
speak, and in the case of coal cutting machines this point is 
comparatively near the motor; i.e.^ in the trailing cable. The 
trailing cable of coal cutting machines receives very hard usage 
but it should be inspected daily, and by so doing the chance 
of its becoming a source of danger as far as gas is concerned 
is very slight. However, it is advisable to reinforce the cable 
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where it enters the rigid frame of the machine so as to prevent 
the breakage that is so likely to occur at that point. 

Experimental Work, As previously suggested, a great deal 
of experimental work has been done in connection with the 
subject of explosion-proof motors. As far as I am aware, the 
first important work was done by Bergassessor Beyling in 
Germany. Some time ago the Bureau did a considerable amount 
of work in this connection, the results of which are reported 
in Bulletin No. 46, copies of which rnay be obtained by ad¬ 
dressing the Director, Bureau of Mines, Washington, D. C. 
As a result of these preliminary experiments the Bureau es¬ 
tablished a schedule of fees for testing motors, so that the 
Bureau can now make tests for manufacturers to determine 
whether or not their machines can be approved by the Bureau 
as explosion-proof. Technical Paper 101 will be issued in a 
short time describing the results of the first tests of this sort 
that have been made. Copies of this Technical Paper can 
also be obtained by addressing the Director, Bureau of Mines, 
Washington, D. C. ^ The following abstract from this paper may 
be of interest at this time as describing the 'principal features 
that the Bureau considers essential to the design of explosion- 
proof motors. 


Abstract from Bureau of Mines 
Technical Paper 101 

Design and Construction, The design and construction of 
permissible explosion-proof motors and their accessories must 
be especially rugged. " This requirement will be applied con¬ 
sistently to all the details of the machine as well as to its prin¬ 
cipal parts, in order to be assured that, under the severe con- 
diticms imposed by mining service, the explosion-proof qualities 
of the equipinent will remain unimpaired. 

The protective devices used with permissible explosion-proof 
motors must not only be capable of preventing the passage of 
names from the interior to the exterior of the motor casing but 
such devices must also possess sufficient mechanical strength to 
insure against the accidental destruction of their protective 
qualities. If there are moving parts in connection with such 
devices, they should be so designed that there can be no in¬ 
terference with the movement of such parts. 

Starting Rheostats, Starting rheostats and other necessary 
quipment that may cause an ignition of gas must be protected 
as adequately as the motor itself. The casings of starting 

explosion-proof. The resistances and con¬ 
tacts of the starting rheostats used with portable motors of 

box f should be enclosed in the same 

Dox, unless enclosed in separate boxes connected by approved 

m TT*"f—.IJ—- n,-. .-.-P " P " j . ^ 1^3Q;dS enter- 

V&S -starting rheostats should 

p, ss through the casing in the form of properly protected, in- 
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sulated studs of approved design. The use of rubber bush¬ 
ings will not be approved because the bushing may become 
displaced and thus destroy the explosion-proof quality of the 
casing. The casing of the starting rheostat should be mounted 
on the motor casing, if possible, and the inter-communicating 
openings for the passage of leads should be made large in order 
to prevent the rise of pressure that always attends the propa¬ 
gation of an explosion through a small hole from one com¬ 
partment to another. 

If it is not possible to mount the starting rheostat on the 
motor frame, all leads connecting the starter with the motor 
should be carried in rigid metallic .conduit. 

Unless means for opening the circuit both automatically and 
by hand are provided in a separate explosion-proof casing, they 
should be incorporated in the design of the starting rheostat. 
If the starting rheostat is mounted on the frame of the motor, 
provision should be made for entirely disconnecting the elec¬ 
tric circuit from the starting rheostat., 

Motor Casing. All joints in the casing of a motor or of any 
of its accessories must be metal to metal joints with faces not 
less than one inch wide, and if the pressure developed in the 
motor casing by explosions can exceed 50 lb. per sq. in., the 
faces must be not less than 1|- inches wide. All bolt holes in 
casings must be bottomed, or so arranged that the accidental 
omission of a bolt will not give an opening through the casing. 
All openings in the motor casing other than those provided 
with protective devices by the manufacturers must be tightly 
closed. It is desirable that such openings be as few as possible. 
There should be no exposed terminals or contacts outside the 
motor casing. If there are glass covered openings in the cas¬ 
ing of a motor, the glass should be of ample thickness and 
should be protected by strong metal covers that close auto¬ 
matically unless held open by hand. Armature bearings must 
be so designed that under no circumstances can an explosion 
be propagated from the interior of the motor casing around 
the armature shaft or through the oil wells. 

Cable Reel and Trailing Cable. If there are any sliding or 
rubbing contacts in connection with the cable reel, such con¬ 
tacts should be provided with explosion-proof protection, and 
any plug connections should be constructed so that they will 
be explosion-proof. At the point where trailing cables enter 
the frames of portable motors, the cable should be protected 
with suitable armor or flexible metallic conduit, securely fast¬ 
ened to the frame of the motor, and of a sufficient flexibility to 
prevent short bends from occurring in the cable. The cable 
should not be fastened to this armor, but there should be pro¬ 
vided inside the frame of the motor, an insulated clamp of 
approved design for securely fastening the cable and taking 
all mechanical strains that may be put upon it. 
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The Limitations as to Capacity and Type of Motor which 

May be Thrown on or Used on Systems, from the 
Standpoint of Central Station Companies 

F. A. AUner: From the standpoint of central station com¬ 
panies the size and type of motor connected at any point of 
the system has seldom any other limitation than the one as 
affecting the voltage regulation. The starting current of a 
motor, no matter what the type, will furnish, as a rule, the most 
severe condition for the motor installation, as far as affecting 
the voltage regulation either on this particular distribution 
feeder or on the entire system. There are few exceptions 
where special duty conditions may cause heavier currents than 
starting or normal running, in the nature of over-loads of short 
duration, such as motors driving stone crushers, grinding mills, 
presses, etc. In such cases, of course, the most severe drop in 
regulation has to be investigated. 

By far the majority of central station companies in medium 
size and large cities, maintain an a-c. and d-c. distribution sys¬ 
tem. The latter can be traced back generally to some pioneer 
Edison installations and is often restricted to the down-town 
districts, serving lighting and only small motor customers. 
The 60-cycle a-c. system supplies the balance of the distribution 
service, except in those cities where the prime movers generate 
at 25 cycles and feed a number of large individual power con¬ 
sumers, traction systems, and special industrial districts directly 
with the 25-cycle service. 

In every instance of a larger motor installation the effect 
of the most unfavorable starting condition on the supply cir¬ 
cuit must be examined. As an extreme limit a voltage drop 
of 10 per cent for such feeders as are not connected to any 
lighting load, and of 2 per cent for mixed power and light feeders, 
is permissible. Such heavy drop would be met with very rarely 
because the present practise of using distribution voltages of 
2200, 6600, and even 13,200 volts for larger industrial power 
service, combined with the minimum standard cross-section 
of 6 B. & S. standard gauge can easily take care of the drop 
caused by the starting current of an individual motor. The 
conductor material for the over-head or underground distri¬ 
bution system, as a rule, is standardized to the use of about 
half ^ a dozen cross sections and once the voltage and trans¬ 
mission system is decided upon, the choice of the conductor 
is generally only a limited one. 

In the case of mixed power and light load, very often the 
installation of a separate step-down transformer for the light¬ 
ing supply will solve the question of voltage drop on a given 
feeder, because the major part of the reactance lies in the 
distribution transformer between feeder and motor. 

The extreme limit of 10 per cent for the voltage drop in power 
feeders may have to be reduced considerably wherever special 
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service conditions would call for a closer voltage regulation of 
motor load, necessitated, for instance, by rigid constant speed 
requirements of induction motor drives in textile or paper mills. 

For smaller motor installations the rules guiding the con¬ 
sumer and the central station company, as issued or approved 
by the Public Service Commissions, generally bring the volt¬ 
age drop in actual practise considerably below the permissible 
limit of 2 per cent on mixed lighting and power feeders. 

In the case of the Baltimore Consolidated Gas, Electric Light 
& Power Co., for instance, all motors over f h.p. must be either 
for 240-volts d-c.or 230-volts a-c., which is twice the regular 
lighting voltage. To simplify distribution in service distriots 
composed of small individual loads, all a-c. motors up to 10 
h.p. must be ■ single-phase motors, excepting only elevator 
motors and such installations where a contract has been made 
for installing within one year more than 10 h.p. motor load. 
In regard to single-phase motor installations, all sizes above 
1 h.p. must be of the commutator type, excepting only instal¬ 
lations for stationary vacuum cleaners. The type of motor 
developed for this latter drive has proven to require relatively 
small current when starting, favored also by its starting 
without mechanical load. 

For single-phase motors over 2 h.p. a limit of If times full 
current must not be exceeded, to be secured with starting re¬ 
sistance or another equivalent device. 

Three-phase motors of 5-h.p. capacity and over, must be 
of the wound rotor type, excepting only especially large instal¬ 
lations in which case the percentage capacity of the largest 
squirrel cage motor on a 60-cycle feeder must not exceed 15 per 
cent of the total connected load of the same voltage and phase 
system; and on 25-cycle lines, 25 per cent. The limit for the 
starting current of larger phase wound motors is set at 1J times 
the full load current. 

The squirrel cage motors of 5 h.p. and over that are exempted 
from the phase-wound rotor rule, have as limit for their starting 
current three times the full rated load current. 

In the case of elevator motors, single-phase installations up 
to 20-h.p. rating are permissible. This exemption is made 
to allow on outlying districts with only single-phase feeder 
lines, the connection of elevator loads in buildings, where 
neither the consumer nor the central station would be justified 
in incurring the investment of the third wire addition. 

In case of three-phase elevator motors of 5 h.p. and over, 
reverse current relays are prescribed. The latter rule is for 
the purpose of avoiding the accidental reversal of rotation in 
case a lineman should have made a mistake in re-connecting his 
phases. 

For all direct-current motors the limit of the starting current 
is set at 1-| times the full rated load current, a condition which 
in no way works a hardship in the design of the motors and 
their starting devices. 
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It is frequently to the interest of the consumer as well as 
central station company to arrange the total motor load of a 
customer in a number of individual drives each of which will 
not exceed in size the permissible limit of the squirrel cage type 
motor. 

For larger individual motor installations special conditions 
might arise in the nature of limits to starting current that must 
be considered from the very beginning, in the cost of installa¬ 
tion to the central station company, in the design of the motor, 
etc. Not only the maximum starting current, but equally the 
power factor under which it is drawn, will determine the volt¬ 
age drop of the feeder. A phase-wound motor compared with 
a squirrel cage, motor that draws the same maximum starting 
current will cause a considerably lower voltage drop and there¬ 
fore, the phase-wound type of induction motors will be more 
frequently used for the larger sizes in districts where the feeder 
lines are not of excessive capacity. 

From the central station company’s point of view the syn¬ 
chronous motor type is to be preferred over the induction type, 
on account of its better power factor operation, unless the 
power factor on the feeder does not drop below a reasonable 
limit, approximately 70 per cent; or when the large per cent 
of synchronous load on the rest of the system compensates for 
a poorer power factor on some particular feeder line. On the 
other hand the more complicated method of starting, the higher 
first cost, and the injection of the additional exciter system, 
may often warrant the synchronous motor type, despite the 
better efficiency, only in such cases where expert attendance 
is available, due also to other conditions at the consumers 
premises. Above a certain size the auto starter is not as de¬ 
sirable a starting device as other starting methods although 
it is the most desirable arrangement for the consumer, ax3- 
proaching conditions of the induction motor. 

The generating capacities of central stations in medium 
size and larger cities are generally such that a voltage drop 
at the station buses caused by the throwing in of an especially 
large motor on the system, very seldom exceeds the permissible 
limits. Such voltage drop, of course, being instantaneous in 
character cannot be taken care of by any automatic regulator; 
the regulation characteristics for different power factors taken 
for the smallest generating unit that may be connected alone 
to the bus when this particular motor may be started, must be 
investigated and again, as extreme limit, 2 per cent drop should 
not be exceeded. 

From the operating point of view the induction motor shows 
superior stability in staying in step over the ordinary type 
of synchronous motor, at such times when voltage and fre¬ 
quency fluctuations, short circuits, etc, befall the system, origi¬ 
nating at the central station or on some of the transmission 
or distribution feeders. This condition, however, can be taken 
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care of to a certain extent, also, on the synchronous motor, by 
equipping the field with adequate damper windings, thus making 
the synchronous motor act, at times of voltage and frequency 
variation,^ similarly to an induction motor. 

There is a certain relation between the resistance of the 
damper winding, the starting current, starting torque, and the 
synchronizing torque. A higher resistance of the damper wind¬ 
ings gives higher starting torque for a given current, but re¬ 
sults in lower synchronizing torque. Such synchronous motors 
with high damper resistance could be started with no mechanical 
load by means of an auto-starter under low starting current 
and good power factor conditions. 

On the other hand, a motor with very low damper resistance 
would give heavy starting current, but low starting torque and 
may not start at all even with full voltage applied to the stator 
leads. The synchronizing torque again, i.e., the force required 
to pull the motor out of step once it had been locked into syn¬ 
chronism, is considerably larger for this type of motor. 

Depending on the special service conditions and the maxi¬ 
mum mechanical load under which such a synchronous motor 
should pull in step again at times of voltage and frequency dis¬ 
turbances, the design of the damper winding has to be carefully 
selected so as to secure all desired advantages without incurring 
any draw-backs. Properly dimensioned damper windings do 
not necessarily decrease the efficiency of the motor, even with 
their pitch smaller than the spacing of the stator slots, although 
the theory seems to point in the other direction. 

Larger sized synchronous motors, directly connected to 
mechanical loads, may render a valuable assistance under 
certain conditions for the improvement of the power factor of 
a feeder district or of the whole system, in the same manner as 
any other synchronous apparatus, such as frequency changers, 
rotary converters, etc. Undp' special conditions very exten¬ 
sive use can^ be made of this power factor correction, when 
this feature is taken care of from the very beginning in the 
design of the motor. 

Although only over-excitation is generally desired by any 
method of abnormal power factor operation with synchronous 
apparatus, conditions may also turn up on a distribution ser¬ 
vice that is tied in to a high-teiivsion over-head transmission 
system whereby a very low limit of under-excitation is desired 
for the purpose of creating sufficient reactive current, during 
off peak hours, on the over-head line to prevent sleet formation. 

Central stations supplying power to interurban or longer 
suburban traction systems, operating on single phase, are some¬ 
times confronted with the decision whether to tap the single¬ 
phase supply directly from the three-phase system, or split 
the track in sections, supplied by different phase current, or 
to produce the single-phase current by the use of phase changers. 
In one particular single-phase traction installation about eight 
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years ago, when the central station had a capacity of only four 
2000 -kw. generators with a possibility that only one generator 
might be on the bus when a heavy traction pull^ might occur, 
three 600-kw. synchronous phase changers were installed, gen¬ 
erating single-phase current at 6600 volts for feeding the near 
section directly at that voltage and the more remote section 
through 22,000-volt single-phase step-up transformers. This 
three-phase energy was taken by the synchronous motors at 
about unity power factor from the 13,200-volt generator sta¬ 
tion buses. 

From the very beginning, provision was made for the ulti¬ 
mate elimination of the phase changers and for adopting the 
single-phase step-up transformers in Scott connection for feed¬ 
ing the traction system with two-phase current, the windings 
being arranged so, that one phase fed with 6600 volts the near¬ 
est section, while the other phase supplied 22,000 volts to the 
sections further away. 

This change over was actually carried out a few years later 
after the generating capacity of the station was more than 
doubled and no difficulties, due to the unbalanced phase cur¬ 
rent, combined with lower power factor, were experienced. 
The power factor, however, under which the new system oper¬ 
ated was so much lower compared with the original phase-changer 
installation that the kilovolt ampere hours measured at the 
station buses of the new system equalled,' approximately, the 
previous kilowatt-hour supply. In the original layout the over¬ 
all daily efficiency of the phase-changer sets was around 65 per 
cent, this figure equalling approximately the average daily power 
factor under the changed method of operation. About one 
year after this change the entire system was finally re-designed 
for 1200-volt d-c. service, resulting in a very considerable 
saving of power consumption. 

The Factors Involved in Motor Applications 

Harold Goodwin, Jr.: I wish to draw your attention partic¬ 
ularly to the viewpoint of the central station; first, in regard to 
the choice between direct current and alternating current, and 
following that, the particular factors we must consider when we 
have made the choice. 

The first question to arise is: Is the central station related to 
all motor applications, or if only to a portion, to what portion? 
Some of us say it is related to them all, while statistics say it 
is related to only part. The real question is: What will be the 
ultimate relation? If we again answer that the central station 
will ultimately be related to every motor application, we cannot 
prove it. But we can point to the very great increase of central 
station service for motor purposes during the past few years, 
exceeding the brightest hopes of the early days, and we can point 
to the parallel of the great increase in voltage of high-tension 
transmission above anything that was predicted. That the dis- 
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cussioiivS at \h.e Industrial Power Coinmittee meetings show 
either general assent or dissent to the proposition of univer¬ 
sal central station service is most important, not only for 
the engineers of the future who will have to deal with the 
problems we create for them, but also for ourselves, that we 
may be able so to design the central station and all current con¬ 
suming apparatus, that the day when they both will be linked 
together may come the sooner. That in some cases at the pres¬ 
ent time there seems to be no chance for economy by the use of 
central station service I perfectly agree, but that future develop¬ 
ments with increasing density of load will change a large number 
of these cases I am perfectly positive. Even now there are very 
few plants which would not benefit from being able to throw their 
whole load to central station service in case of a breakdown of 
their own apparatus. 

The idea of central station service is so generally accepted at 
the present time that it may seem out of place to devote time to 
it here. But while it is generally accepted, each individual who 
does not use it thinks that his is the special exception and stops 
to consider it a few years before he will accept it. If there are 
then processes which inherently have no relation to central 
station service, the records of meetings of the Industrial Power 
Committee should show them. 

Having decided that all installations should be related to 
central station service, the next question is: What is the form 
of central station service to which they should be related ? The 
answer, like all true engineering answers, is of course expressed 
in dollars and cents; that is, the characteristics of the central 
station service should be such that the cost of the power delivered 
from all motors to the apparatus will be a minimum. This total 
cost is made up of two items—the cost of the power supplied by 
the central station, and the cost of the installation. Let us 
look into these two items, and see to what extent they have both 
been developed, and where the future possibilities for develop¬ 
ment lie. If we find that one has been developed to its limit 
while its alternative has not, we may find there is an easy solu¬ 
tion of the problem without a couvsideration of the complexity 
of,all the detail factors involved. 

Taking first the question: What is best in central station 
service? The answer is, the most efficient. What then are the 
systems which we are to compare in order to find the most effi¬ 
cient ? The main divisions with which we are all familiar are 
direct current and alternating current. In order properly to 
compare these systems, we must first pick out the most efficient 
arrangement of each system. Almost all d-c. distribution 
is underground, so to find the standard d-c. construc¬ 
tion we naturally turn to the report of the Underground 
Committee of the N. E. L. A. The best answer we find here is 
in the recommendation of last year’s Committee to this year’s 
Committee that consideration be given the following: 
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“ Comparative practise in d-c. distribution, giving standards 
used by _ different companies for different items, such as 
size of mains and neutrals, type of junction boxes, use of single 
conductors versus concentric cables and limiting size of same, 
practise as to fuses, etc.” 

This does not appear to give us a very good 'standard from 
which to construct our ideal d-c. system for comparison with the 
alternating-current system. 

Turning to alternating current, we find that much has been 
written on construction methods, but when we search through 
all of this we seem to get scarcely closer to the standard solution 
of our problem than is the recommendation quoted above on 
d-c. distribution. This much is found, that direct current 
has had its application in the dense load sections. Under¬ 
ground alternating current has also been supplied under these 
conditions, and a careful analysis, though never published, has 
shown a balance in favor of the alternating current, at least as far 
as lighting is concerned. 

If we therefore cannot find some general solution to the prob¬ 
lem, by the comparison of the best in direct current with the 
best in alternating current, let us see if we can find a solution in 
some particular case, and then see how far this can be extended 
to cover the whole. There is one class of service which is ac¬ 
knowledged by all to be more economically supplied by alterna¬ 
ting current than by direct current. This is service to residen¬ 
tial and suburban sections of cities, farming country, and, in fact, 
all scattered and light loads. This means that a large portion 
of the territory now supplied by electricity is supplied by al¬ 
ternating current, and that practically all new territory will be 
supplied by the same. But if in dense load sections the alternati ng 
current and direct current are of nearly equal economy, andconcede 
even that it may be proved that direct current has a slightly 
better economy under certain conditions, the question arises, 
will it ever be proper to change from alternating current to direct- 
current _ distribution with increase of load? This fortunately 
IS not difficult to answer. By the time the load has increased to 
an extent such as to allow serious consideration of direct cur¬ 
rent, it will have increased, due to a large amount of apparatus 
built especially for alternating current, the cost of changing 
which from alternating current to direct current will be prohibi¬ 
tive. So even assuming that the post of distribution by alternat- 
ing current and direct current in dense load centers is easily 
comparable and not in favor of alternating current, we find 
that alternating current is the ultimate answer, provided, how¬ 
ever, that it will be suited to the service which is reouired of it 
particularly in its application to motors. ’ ■ 

As_ we have found a definite limit in d-c. distribution, let us 
now investigate and see if there is a definite limit in either d-c. 
or a-c. motor practise. We find first that a-c. motors have various 
advantages over direct-current motors in regard to constancy of 

speed, elimination of commutator troubles, etc., but that in vari- 



1915] DISCUSSION AT CLEVELAND 729 

able speed work the d-c. motor has a distinct advantage. While 
we believe this has been overcome, there are many who still believe 
that the d-c. motor has a great advantage over the a-c. motor for 
crane, elevator service, etc. Is this lack of variable speed 
characteristics then the limit for a-c. motors as the distribution 
in residential sections is for d-c. ? In the distribution question 
there is no item of cost which if it could be reduced would not 
effect equal reductions in both forms of distribution. Now, will 
any improvement which may be made in the a-c. motor have an 
equally beneficial effect on the d-c. motor ? The answer is with¬ 
out discussion, “ No.” The d-c. motor has been developed to 
practically its limit, while the a-c. motor, though it is highly 
developed in_ many ways, has still room for great improvement, 
particularly in variable speed service. But is this improvement 
possible ? The answer from an engineering point of view is 
“Yes,” though from a commercial point of view that word 
cannot yet be spoken very loudly. 

The objection to lack of speed control is on the part of the 
customer. What are the objections to the a-c. motor from the 
central station point of view ? Its heavy starting current and 
poor power factor are the chief characteristics looked on with 
disfavor. Is it possible to overcome these? Both have been 
largely overcome, though there is still much to be desired in the 
ordinary commercial motor. 

What then is our answer to the question—direct current or 
alternating current ? Emphatically—alternating current. The 
direct current has present and ultimate limitations, while the al¬ 
ternating current has only a few present limitations along certain 
lines, and these are being rapidly overcome. But, it may bfe 
argued, since the high-tension transmission arid a-c. system 
generally have been developed so much more highly than was 
anticipated a few years ago, may not the wireless transmission 
of energy or some other such new development supersede the alter¬ 
nating current ? It may and we hope for all possible improve¬ 
ments. Should this come, it may replace the present transmission, 
or It may affect the wiring for lighting in a house, but a motor will 
always be needed to give mechanical power and some delivery 
and metering devices will be necessary for supplying lighting or 
power. So it is not likely that a distribution system with an 
efficiency such as is possible with the present a-c. system will 
go out of date for many years to come, and when it does pass it is 

probable that most of it will be readily converted to the use of its 
successor. 

Before considering the subject in detail, let us look at the prop¬ 
osition in general. What have the central station companies 
told the manufacturers that they want in regard to motors ? 
Aside from what the operating engineers have told the manu¬ 
facturing companies they desired in certain particular cases, the 
only information which the manufacturing companies have on 
the requirements of the central station are those oublished in 
the general rules and regulations of the central stations. Mr. J. 
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C. Lincoln’s paper on ‘‘ Line Disturbances Caused by Special 
Squirrel-Cage and Wound-Rotor Motors ” criticised the general 
rules and regulations of operating companies. The only objec¬ 
tion I have to make to his criticism is that it is too mild. The 
general rules of operating companies up to the present time are a 
collection of a great mass of inconsistencies and impossibilities, 
with a few truths scattered through them. The general mistake 
has been made throughout of defining a means to an end with¬ 
out also defining the end. The same means may with a slightly 
different application give some other than the desired end. I 
refer particularly to the requirement in some companies that 
single-phase motors start as repulsion motors, without also 
stating the maximum starting current, assuming simply that any 
motor started in this manner will be far superior to any split- 
phase motor. Provision is also made for auto starters and wound- 
rotor motors without also providing what the limit of citrrent 
shall be when these starters are used. In connection with ele¬ 
vators it is very often stated that the motor shall be of the wound- 
rotor type, yet there is nothing in the rules to prohibit the use 
of a simple dash pot for controlling the wound-rotor resistance. 
The resultant operation may have absolutely no relation to the 
line current, the thing objectionable to the central station, and 
for the control of which these devices are required. 

The first step, therefore, that the central stations can take 
toward the iniprovement of the objectionable characteristics 
of a-c. motors is to agree on rational possible rules showing the 

which they desire, and indicating also the particular 
lines along which they desire to have the manufacturers make 
developments. ^ Fortunately, the Electrical Apparatus Commit¬ 
tee of the N. E. L. A. has taken up this matter, and their report 
to the convention in June will doubtless be of great value. 

Considering now the fractional h.p. motors, the chief objection 
or the central station to these is their heavy starting current, 
which is usually applied directly to the lighting system. The 
factor is of not so great moment. A large number 
of the 2 ”h.p. 110-volt motors now on the market take a current 
in starting from 30 to 50 amperes br even more. This is equiva¬ 
lent to the whole load of from 6 to 10 of the small stores in which 
such motors are usually used, and it is obvious that a distribution 
sy^em cannot be economically designed to care for the ordinary 
lighting demand and yet be prepared to carry such heavy, sudden 

the ^great recom.mendation for these motors is 
hat they can be easily attached to the present wiring or lighting 
system, or they form the opening wedges for a lighting installa- 


^ I agree with Mr. Lester’s first statement that very little space 
as been devoted to the fractional h.p. motor in technical litera- 
ure, and very easy to see from what I have already said that 

statement, that the subject presents cer- 
ifficulties. I further agree with his three reasons for the 
great development of the small motor field. However, when he 
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comes to list the general points to be considered, he gives as one: 

Variation in the characteristics of the circuit on which the 
motors are to operate, such as variations in voltage, frequency or 
both.” But he does not give the consideration to the variation 
in voltage which the motor will cause on that circuit. His 
reference to “ light wiring or insufficient transformer capacity 
as a cause for poor starting torque, is adding insult to injury. He 
puts the small split-phase motor forward as a class on account of 
its portability and easy miscellaneous a'ttachment, and then 
objects when the voltage at a socket supposed to carry 40 watts 
drops due to a demand which in some instances has been care¬ 
fully measured as 1.6 kv-a. for a J-h.p, motor. He acknowledges 
that the chief good which a centrifugal clutch on a split-phase 
motor can do is to reduce the time during which the starting 
current is drawn, but he does not claim that it materially reduces 
the starting current, which will therefore still give a serious 
flicker to the lights connected to the same circuit. 

The suggestion that rulings should specify in amperes the 
permissible current which motors may take, corresponding to 
OvStablished voltages, is excellent, and it is further suggested that 
this may be measured by ability to start either once or a specified 
number of times per minute on a given fuse. This is the easiest 
and most practical method of demonstrating to .customers and 
wiremen the current which the motor draws. This may appear 
to be a disproportionate amount of space to devote to fractional 
h.p. motors, but at the present time they constitute one of the 
very greatest problems of the distribution engineer. 

The problems connected with the larger motors, as has been 
stated before, are those of starting current and power factor. 
The question of starting current should be possible of solution 
by a frank, intimate and detailed discussion of the facts, and it 
should be possible to arrive at a conclusion satisfactory to most of 
the manufacturers and the central stations. To this discussion 
Mr. J. C. Lincoln’s paper on the special squirrel-cage motors is a 
very.great contributibh, and a reply from the advocates of the 
wound rotor should enable the central station to write rules which 
it would be possible to meet, and which would require the best 
in design of either type of motor. 

The question of power factor is a very important one. It is 
quite customary to state that induction motors have a power 
factor of ,80 per cent to 90 per cent, yet this is under full load con¬ 
ditions. Under the conditions under which many of them oper¬ 
ate for hours in actual service, the power factor is nothing like 
this. Some feeders to which are connected only high grade 
motors have been observed to run as low as 30 per cent power 
factor showing load variations on the power factor indicator rather 
than on the ammeter. One remedy for this trouble for 
the central station is of course to base the charges on the maxi¬ 
mum demand in amperes, but this is open to much discussion, 
and the fact that the central station may be compensated for 
the loss does not do away with the fact that there is a great loss. 
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That it is possible to overcome this -loss has been shown by the 
design of at least one unity power factor induction motor. This is 
an expensive motor, but it shows the possibilities, and the 
manufacturers should lend their aid in developing motors with 
unity power factor characteristics along commercial lines. 

It is now interesting to try to discover what the distribution 
engineer is trying to do to overcome these acknowledged diffi¬ 
culties. To overcorne the customer’s objection to a-c. motors, 
that is, to the low starting torque and non-variable speed charac¬ 
teristics, the installation of either mechanical devices or motor- 
generator sets or rotary converters to supply direct current is 
being recommended. Under the present conditions there still 
seem to be places where no other recommendation than this can 
be made. 

To meet the distribution problems, what is being done ? 
What progress is being made in overcoming the effect of motor 
starting currents and poor power factor on the lines? To over¬ 
come the present troubles the erection of transformers and run¬ 
ning of additional secondaries, is the usual remedy in aerial 
districts. But one man has gone ahead of this. Mr. Schweitzer 
of Chicago has designed and built, very cheaply, an automatic 
instantaneous voltage regulator. This is in principle a current 
transformer. 'Connected to the service and supplying lighting 
through one leg and power through the other. The windings are 
so connected that the lighting voltage is raised an amount just 
equal to the line and transformer regulation when a motor is 
started and operated. It still leaves some things to be desired, 
but it is progress toward a transformer without regulation, and 
even in its present form should have a great field. Unfortunately 
the motor problem in underground districts is not being handled 
even as well as in aerial districts. Instead of erecting trans¬ 
formers and secondaries, d-c. mains of various voltages are-being 
extended in many places. This is not only side-stepping the 
problem, but it is imposing a greater burden on those that will 
follow and on engineers in other cities who are trying to meet it. 

In this discussion I have not touched particularly on large 
power installations because it is recognized that to transmit large 
blocks of power to a customer the use of alternating current 
is necessary. It is therefore to the advantage of both the 
customer and central station to make the installation alter¬ 
nating current throughout. On new work this is quite gen¬ 
erally being done, except in cases which present the problems 
of speed control already discussed, in which cases it is neces¬ 
sary to install motor-generators or rotary converters. The 
supply of current through synchronous apparatus for rail¬ 
way operation, electrol 3 d:ic processes, large motors, and existing 
large plants operating from direct current, will give enough 
synchronous apparatus on the lines so that there is little force 
to the argument for installing rotary-converters and d-c. motors 
In preference to a-c. motors to get the power factor correction 
which can be obtained with synchronous apparatus. 
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Summing up what I have tried to bring out: 

(1) All motor applications will ultimately be related to the 
central station. 

(2) Alternating current is the ultimate in distribution, and all 
developments should be made with this in view. 

(3) There are objections to a-c. motors, but these may be over¬ 
come by a careful statement by central stations of what is desired, 
followed by a careful study and development by the manu¬ 
facturers along these lines. 

There is no greater need at the present time than a good sum¬ 
mary of the present knowledge in a-c. distribution, including the 
rnethod of overcoming all of the problems which are met, par¬ 
ticularly those connected with motor applications. If the dis¬ 
cussions connected with the meetings under the auspices of the 
Industrial Power Committee can bring out all of these points, 
there could scarcely be a greater benefit bestowed on the en¬ 
gineering industry. 

Link-Belt vSilent Chain 

Weiss. In 1901 began the sale of what was termed the 

Ren old Silent Chain Drive the patent rights to manufacture 
the chain in the United States having been obtained from Hans 
Renold, Manchester, England. The chain in question, I might 
state, was of the same general form as our present silent chain 
and those^of other well known manufacture. At that time the 
joint consisted of a plain circular case hardened pin joint, i.e.^ 
consisting of a round unprotected hole in the link and a cylindrical 
pin in direct contact with holes in the separate leaves. More or 
less trouble was experienced with this construction, due to the 
elongation into elliptical shape of the holes in the links, and to 
the rapid grooving of the pins, from the unequal distribution of 
load across the pin area. The aggregate caused very uneven 
action and rapid wear of the wheel teeth. Neither copious lubri¬ 
cation or case-hardening of the links overcame these defects. 

With construction as mentioned it was apparent that the chain 
was unstable and that it could not be placed before the public on 
account of short life. 

In 1904 Mr. J. M. Dodge evolved and patented the split 
bushed joint. This consisted of segmental liners or bushings, 
which are removable, extending across the entire width of the 
chain, thus doubling the bearing surface and halving the unit 
bearing pressure on the joint. The bushings are case-hardened 
and bear upon case-hardened pins, which are free and rotate 
with reference to the bushings, thus presenting every particle 
of surface for wear. As a result the joint wears uniformly, keeps 
round and maintains to the end the high initial efficiency. 

The drive is applicable to every case where motion is to be 
transmitted from, one shaft to another. As the sustained effi¬ 
ciency is approximately 98 per cent, it is evident that the saving 
of powerj as compared with belts and spur gears with an efficiency 
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some 5 to 10 per cent lower, is a very important item; but this 
is not all. First, bear in mind that the silent chain fits approxi¬ 
mately one half of the total number of teeth in both driver and 
driven wheel simultaneously. Consequently there is no slipping 
as with belts, nor jumps and vibrations as with worrn gears. 
In fact the drive is as positive as a gear drive and as flexible as a 
leather belt drive with the added advantages as opposed to gears, 
of non-fixed center’s and as opposed to belt drives, of greater 
possible compactness and low initial required tension. 

Take the case of machine tool drives. The driving force 
through a chain, positive but elastic, is equal at each instant to 
the force required to do the work at the rate of feed and speed 
to which the tool is set, meeting unflinchingly the requirements 
as they arise. A steady uniform rate of work is the result. The 
deflections in the machine parts are held constant, and the tools 
cut away the metal as opposed to the tearing and chattering that 
occur with the shock of high speed gears, or with the creep and 
slip of leather belt drives. 

The results have been found to be: greater output, saving in 
power, less wear and tear on cutting tools, better efficiency, and 
that heavier cuts can be taken on the same machine. 

On punch presses, shears, etc., the drive has produced vastly 
superior results on a service to which at first it was believed a posi¬ 
tive drive was hardly applicable, but as a matter of fact the chain 
drive is less severe on a motor armature than a belt drive. With 
the former the flywheel is always up to speed at the instant of 
punching and this energy can be relied upon to assist the motor. 
The chain is flexible enough to relieve the motor armature of 
sharp shock. The overload, due to slowing down, is of too short 
a duration to generate objectionable heat. On the other hand 
with the belt drive the belt will often slip just as the punching 
is completed and the flywheel will not pick up speed during the 
next stroke. The result is an overload on the motor. Thus 
again the advantages are, greater output, economy of power 
consumption, less wear and tear on cutting edges, and more 
uniform product. 

The silent chain drive has proved particularly adaptable to 
fans, allowing for short centers and economy of space, one 
particular case in mind being a 240-h.p. mine fan drive, which 
operated continuously day and night for over five years, the 
only direct charge against this drive being oil for lubrication. 
It was never necessary to shut down for one moment of repairs 
to the chain. 

Blowers and compressors lend themselves to silent chain 
drive for the same reasons as do fans. However, it is necessary 
that the machine be of good design, in that sufficient flywheel 
effect is provided. This of course also applies to machines for 
refrigerating purposes. ' 

A large number of paper mill installations, and a majority 
of chain-driven paper mills, u$e link-belt silent chain. 
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Ntimerous drives have been sold for operating generators 
and exciters from steam engines, allowing of compactness and 
avoiding all detrimental effects of atmospheric conditions to 
which a leather belt is subjected. 

The rubber mills also present a field well adapted to silent 
chain drives, especially as opposed to direct gearing, in con¬ 
nection with which it is necessary to have self contained bases 
and the most rigid of construction. 

I might go on indefinitely and tell you, for instance, that in 
the South particularly there is an enormous field for the silent 
chain drive in textile mills. I have one case in mind, the 
Interwoven MiUs of Martinsburg, W. Va. This mill is now 
completely equipped with silent chain drives, 105 in number, 
most of them being over four years old. In this plant, due to 
the positiveness of the drives, seconds or goods showing defects, 
have been eliminated. Note this: that the positive drive has 
also been responsible for the elimination of broken ends, which 
cause shut-downs of the machine. Consequently an operator can 
attend to one-third more machines, greatly increasing his or 
her earnings and greatly increasing the value of the firm’s 
product. At this date it is felt that the drives have not only 
paid for themselves, but are real dividend makers. 

Another interesting installation is that in the shops of the 
Reading Iron Company of Reading, Pa., which consists of 50 
30-h.p. drives, operating socket tapping and threading machines. 
The majority of these, drives have been in operation over five 
years under conditions so severe that the former method of 
driving, which consisted of belts and gears, would not stand 
up and proved a very costly and troublesome method prac¬ 
tically eliminating any prearranged quantity of production. 
As I previously stated, these drives are not running under 
what would be termed favorable conditions, but the lubrication 
is looked after carefully. The flexibility of the drive has over¬ 
come the greatest objection, gears; and has absorbed the un¬ 
equal motion that was transmitted to the motors by the gears. 
To use the plant superintendent’s words, I would say that 
silent chain is far superior to the belt or gears and in addition 
is so sweet on the motors that motor difficulties have been elim¬ 
inated.” 

The motor car has presented a varied field for the silent 
chain drive, in the operation of timing gears, magnetos, gen¬ 
erators, starters, etc.; and at the present time a large volume 
of work is being fabricated for various makes of cars. 

And now a word as to the drive. The chain details have 
been previously explained. The wheels on which the chains 
operate have cut teeth of special design, there being no rolling, 
sliding action between the working faces of the links and the 
faces of the teeth. As the link-belt chain is symmetrical, 
it can be operated in either direction. When wear is disclosed 
on the wheel teeth, these parts can be reversed, presenting 
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•unworn surfaces. Further, the chain is of such construction 
that it can be easily and quickly repaired by renewing the 
joints if worn, thus bringing the chain back to more nearly 
its original pitch. 

The drives have to be designed to meet certain requirements 
and for all ordinary conditions engineering data is given in our 
hand book No. 125, which enables any engineer or mechanic 
-to select a proper drive. In selecting any drive it is desirable 
to select pinions containing an odd number of teeth, in order 
to gain what is known as a hunting tooth effect. This is due 
to the manner in which chains are built, the links in adjacent 
pitches being staggered to permit of assembly. Therefore with 
a 17 tooth pinion we gain the effect of 17 working teeth, as 
far as wearing value is concerned, while with an even number 
of teeth only half the number of teeth are effective. 

Selection of the proper size chain depends on the old formula: 
Work = force in pounds X distance in ft. per min.; and h.p. 
= work divided by 33,000 ft. lb. per min. Interpreting the 
formula as we desire it: Force in pounds or chain pull == 
h.p. divided by chain speed. This arrived at, it is essential 
that the proper safety factor be selected. After many years 
of experience it was learned that such safety factors must be 
used as would give wearing and bearing value consistent with 
long life. To this end have been computed tables and formulae 
from data collection, which have proven that considerably 
lower values can be used at low chain speeds than at high speeds. 
It has also been determined that for unit increases in speed, 
the power transmittable rises per foot per minute from speeds 
of about 200 ft. per min. on up to speeds of about 1500 ft. per 
min. in proportional amounts. Above this speed the power 
increases decrease manifestly on account of the high inertia 
strains which are inherent with the high" speeds. 

For high speeds and low powers fine pitch chains, such as 
f in. and | in. are employed, whereas for heavier work the chain 
pitches increase proportionately. 

At the present time chains are made of pitch and width to 
meet certain conditions of the proportion of pitch in inches 
and width in inches in the ratio of 1 to 16, or in other words, 
a f-in. chain 12 in. wide, or a 1-in. chain 16 in. wide. 

Where speed conditions are such that would of necessity 
employ a 1 in. pitch 32 in. wide chain, two strands of chain 
are used with an equalizing device in the driven wheels similar 
to the single tree of a double team wagon, which device will 
insure that each chain will assume its share of the burden. 
It is practical to equalize any number of strands by a specially 
devised, arrangement. In some cases multiple strand drives 
have been operated non-equalized, but the element of chance 
is there, especially as one chain, due to various elements, is 
apt to receive more wear than another. The difficulties arise 
in endeavoring to make the chains pull together and it is almost 
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impossible to compensate for this unequal wear by the sub¬ 
stitution of new parts. 

Certain characters of work, such as brick manufacturing plants, 
cement mills, etc., expose the drives to so much grit that it is 
necessary to employ dust- and oil-tight casings to afford the 
necessary protection; whereas in the ordinary, or common¬ 
place shops, the drives can be run open. Most States, however, 
require that all machinery be protected and many of our cus¬ 
tomers encase the drives and operate them through oil on 
account of the factory requirements. 

The Selection of Motors from the Point of View of 
Frequency, Voltage and Phase, and the Influence of 
Variation and Unbalancing of Same 

CHOICE OF frequency 

A. M. Dudley: There are, in more or less general use on 
our continent, the following frequencies, viz: 25-30-40-50-60- 
66f-125 and 133 cycles and possibly some others where local 
conditions seem to demand it. Of these the two entitled to 
the most serious consideration are 25 and 60 cycles. There 
are a large number of 40-cycle units in operation, but it seems 
to be the general policy of all manufacturers not to extend this 
service, and it will probably be eventually sr.sperseded by 60 
cycles. 

In the discussion of the relative merits of 25 and 60 cycles 
I will quote very freely from a paper presented at the Eighth 
Annual Convention of the Association of Iron and vSteel Elec¬ 
trical Engineers at Cleveland, Ohio, September 14-19, 1914.* 
^Several years ago there was an apparent tendency pf the 
large power companies toward 25 cycles, but that tendency is 
now reversed, partly due to improvements in certain types of 
apparatus, such as rotary converters. ^ 

The principal loads handled by general power or central 
station a-c. plants are: first, lighting, including arc, incandes¬ 
cent, etc.; second, motor power service; and third, d-c. service 
for various purposes, such as railway, etc. 

In general, there is no particular question regarding the 
better frequency for lighting service, for 60 cycles for direct 
use in both arc and incandescent lamps undoubtedly gives 
better results than 25 cycles. 

When it comes to motors, either synchronous or induction, 
60 cycles present more advantages in general, except for very 
low speeds; and, even in this case with synchronous machines, 
the choice is in doubt. In the case of induction motors, how¬ 
ever, there are certain fields where 25 cycles will show better 
results. This is in very low speed work, or very low speed in 
proportion to the capacity. It is a rule in practically all types 
of generators and motors that the greater number of poles. 

Some Electrical Problems Practically Considered,” B. G. Lamme. 
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the greater must be the total magnetizing ampere-turns. In 
windings excited by direct current the number of exciting turns 
may be increased with increase in the number of poles, at a 
certain expense in copper, so that the actual exciting or magne¬ 
tizing current may not be excessive, even with a very large num¬ 
ber of poles—that is, in very low speed machines. But in in¬ 
duction motors the same turns are used for magnetizing and for 
generating counter e.m.f. The latter usually so fixes the 
number of turns in a given capacity and speed of machine, that 
the actual magnetizing current increases very greatly with in¬ 
crease in the number of poles, that is, with decrease in speed. 
With a large number of poles, this magnetizing current becomes 
so large in comparison with the work current that the character¬ 
istics of the machine are very seriously affected. This increase 
can be limited to a certain extent by increasing the dimensions 
of the^ machine, that is, its cost. Herein is where 25 cycles 
may give considerable advantage over 60 cycles. For instance, 
a 4-pole, 25-cycle motor will have about the same speed as a 
10-pole, 60-cycle motor. The 4-pole motor should, and usually 
does have smaller magnetizing current than the 10-pole ma¬ 
chine. However, the 4-pole machine for the same speed should 
require more material than the 10-pole, on account of higher 
magnetic flux conditions. Therefore, if the 10-pole machine 
were made of larger dimensions than the 4-pole, but utilizing 
the 4-pole magnetic material, its magnetizing current might be 
made fairly comparable with that of the 4-pole machine. How¬ 
ever, with the same total useful material but arranged in larger 
dimensions, the idle material, such as frame, supports, etc., 
will be somewhat greater in the 10-pole machine of the same 
speed.. Therefore, the cost will probably be somewhat higher. 
Therefore, in general, for equal speeds and equal characteristics 
the 60-cycle induction motor should cost more than the 25-cycle. 
However, for general power distribution with relatively small 
motor capacities, it is not correct to compare a 10-pole 60-cycle 
motor with a 4-pole, 25-cycle. In most cases 60-cycle motors 
of higher speed can be used, such as eight, six and four-pole giving 
respectively 900, 1200 and 1800 rev. per min., neglecting the 
small slip. The higher speed and smaller number of poles in 
general more than offset the advantages of the 25-cycle, 4-pole, 
750 rev. per min. motor as regards cost and characteristics; and at 
the same time, the greater choice in speeds is very advantageous. 
^ 25 cycles, the highest speed is 1500 rev. per min. with two poles. 
Experience has shown that, in size and construction a 2-pole 
induction motor has very little advantage over a 4-pole except 
possibly in very small capacities. Therefore 60 cycles, with its 
4-pole 1800-rev. per min.., 6-poleI200- rev. per min., 8-pole 900- 
rev, per min. motors, has a decided commercial advantage over 
the 25-cycle system ^with its 2-pole 1500-rev. per min., and 
4-pole 750-rev. per min. motors. 

However, when we compare a moderate capacity 12-pole, 250- 
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rev. per min., 25-cycle with, a 30-pole, 240-rev. per min., 60-cycle 
motor, we may find the advantage considerably in favor of-the 25- 
cycle motor. If all the motors to be used in a given plant were 
of this speed or lower, and there were no other off setting ad¬ 
vantages for 60 cycles, such as lighting, etc.; then the proposi¬ 
tion would look good for 25 cycles. If only a small percentage 
of the total load is represented by such low speed motors, then 
the 60-cycle supply may make otherwise a sufficiently good show¬ 
ing to,, warrant its use. If we go to the extreme case of moderate 
or even very large capacity motors at 75 to 100 rev. per min., then 
we run into almost prohibitive constructions with 60 cycles, 
either in size or in operating characteristics. At 60 cycles, such 
motors are liable to have power factors so low that the actual 
current taken by the motors is so large compared with the work 
current, that evencwith poor performance, a very large motor 
is required for a given capacity. At 25 cycles the motors can 
make a very much better showing. Therefore, at the present 
time, 25 cycles represents the most suitable frequency for 
vSuch motors. Hope may be extended for the 60-cycle motor. 
If 60-cycle motors are to be operated at constant speed or even 
under varying or adjustable speeds, it is possible and practicable 
to overcome the difficulty of the poor power factor and large 
current from the supply system by connecting a special low 
frequency exciter in the secondary circuit of the induction 
motor. This will supply the magnetizing current to the sec¬ 
ondary instead of the primary, just as in the non-synchronous 
type of condenser already referred to. It does not eliminate 
the magnetizing current in the motor, but .simply puts it in 
the secondary circuit. 

The above is a considerable digression from the central sta¬ 
tion problem, but it has a direct bearing on the purchase of 
power by mills from central stations. From the above it is 
obvious that for the general sale of motor power to varied 
industries, the 60-cycle central station has a direct advantage 
over the 25 cycle in the great majority of service. 

Since the general tendency of both central stations and isolated 
plants is toward 60 cycles and since very large low-speed units 
are the exception, the weight of evidence is in favor of 60 cycles 
for general industrial work. 

CHOICE OF VOLTAGE 

The general question of voltage concerns itself with the 
length of transmission, the area of distribution, the size of 
individual units, the possibility of future extensions and the 
voltage of neighboring power developments or stations from 
which emergency service might be obtained or with which future 
combinations may be made. In some industries the question 
of safety enters, owing to the nature of the work performed, 
and controls the final voltage. 

All of these elements are largely local, with the exception of 
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size of units. In this regard there are broad lines of stand¬ 
ardization laid down toward which good practise is tending. 
Other considerations being satisfied, the following classification 
is representative of average conditions; 

110 volts—up to and including 5 h.p. 

220 volts—up to and including 75 h.p. This voltage is 
probably more generally used in industrial work than any 
other. 

440 and 550 volts—7| h.p. to 200 h.p. 

2200 volts—20 h.p. to 1500 h.p. 

3800 and 4000 volts—50 h.p. up. 

6600 volts—200 h.p. up. 

11,000 volfvS —not generally used on induction motors. 
Used on synchronous motors from 1000 h.p. up. 

Where a-c. networks are to be installed* in cities or in an 
wide spread distribution of small units at low voltage it is well 
to provide 110 volts for lighting and detail apparatus and 220 
volts for motors. 

CHOICE OF PHASE 

There are in general use in industrial work three systems as 
regards phase; one, two and three. 

Single phase is used extensively for small power motors up 
to 10 h.p. and comparatively seldom over that capacity. This 
is probably due to the fact that they may be operated from 
lighting circuits, which in many cases are the only available 
sources of power. Reliable single-phase motors may now be 
obtained from several manufacturers but at their best they 
are more expensive than polyphase motors and are not usually 
employed where polyphase circuits are available. 

Between two phase and three phase there has been a long 
controversy which bids fair to result in the ultimate general 
adoption of three phase, if it were not for a comparatively 
new condition to which I shall presently refer. 

In general the arguments in favor of two phase have been, 
that it permitted the use of two voltages in the ratio of two to 
one; that when the center of the two phases is interconnected 
either 50 per cent or 71 per cent of full voltage is available for 
starting squirrel cage motors and hence no auto starters or 
compensators are required; that in transmission and distribu¬ 
tion only two transformers are required instead of three; that 
balancing lighting and other single-phase load is easier ’ than 
with three phases. 

The arguments in favor of three phase have been that it re¬ 
quired only three lines instead of 4; that it is capable of con¬ 
nection either in star or delta giving voltages in the ratio of 
1.73 to 1 without any change in transformers; that when oper¬ 
ated in delta it permits one transformer or one motor phase to 
burn out and still leave the installation operative at slightly 
decreased capacity; that with the same amount of material in 
generators or motors more capacity can be obtained than with 
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two phase by the ratio of 0.955 to 0.905 (these two figures 
being the respective “ voltage factor or winding “ distribu¬ 
tion factor ” of the two systems); that everything else being 
equal, a three-phase induction motor has slightly higher torques 
and power factor than a two-phase motor (this difference is 
very slight and is more an academic than a practical point, but 
it has been raised in this comparison so that mention is made 
of it here;) that in carrying spare single-phase transformers 
for any part of the system, they need be. only 33| per cent of 
the total kv-a. involved instead of 50 per cent in the case of 
two-phase. 

In weighing these several points the decision has been lean¬ 
ing in favor of three phase for some time, until it has seemed 
probable that two phase would take its place in the history of 
the art as having outlived its usefulness. There has arisen 
latterly a problem to which no final answer has yet been made, 
so far as the writer is aware, and upon which he would like to 
hear some active discussion at the present time. It is men¬ 
tioned here for the reason that a two-phase system seems to 
be the only one that meets all the conditions, and yet for all 
the reasons given above a three-phase system would be pre¬ 
ferable. I refer to the question of a low voltage a-c. network 
in cities. There are three conditions to be met: 

1. 110 volts is necessary for detail apparatus such as fan 
motors, household devices, heating, .etc. 

2. 220 volts is necessary for general polyphase motor work. 

3. One side or the neutral of all circuits must be grounded. 

The first two of these are self-evident; the third arises from 

the necessity of grounding the neutral of distributing circuits, 
which is known to all central station men and also on account 
of the use of so called concentric wiring on single-phase circuits. 
This term is used to describe a two conductor, one unit wire 
made up of a central conductor surrounded by insulation, act¬ 
ing as one side for a single-phase circuit; and this insulation 
surrounded in turn by a hollow conductor, flexible in nature, 
which acts as the other side of the circuit and is at all points 
dead grounded. Such a conductor greatly simplifies general 
wiring and is considerably used in other countries. 

Since this is a digression from the immediate subject it can 
not be elaborated here but further consideration has failed to 
show anything but a 220-volt, two-phase circuit grounded at 
the middle points of both phases which would meet all three 
requirements. The resulting four single-phase circuits could 
be handled on concentric wiring and the two-phase circuit 
would of course be handled as a 4-wire circuit having a grounded 
neutral. 

There are possibly other and better solutions than this and 
if so the present seems to be an excellent time to air them and 
get an open discussion on what must in time may becom e a 
matter of the first importance. 
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Effect of Variation of Voltage, Frequency and Phase 

UPON THE Performance of Motors 

The variation of these quantities can be considered as hav¬ 
ing an immediately perceptible effect upon the operation of 
the motors supplied from the circuit with regard to their torques 
and speed; and a less obvious effect with regard to efficiency, 
power factor, and heating. Since it is the primary function 
of a motor to develop torque at a predetermined speed, a certain 
reasonable variation-is allowed in the other characteristics as 
long as operation is not interfered with. 

On normal circuits considerable fluctuations of frequency 
and phase are not apt to be met with. Voltage does fluctuate 
to some extent and practically all manufacturers permit a 
variation from normal of plus or minus 10 per cent. This 
usually takes care of the distribution drop from power house 
or substation to the end of the line. 

Sketching freely, the effect of variations of these quantities 
may be summed up as follows for machines following the ordi¬ 
nary rules of accepted design. 

variations in voltage 

High Voltage 

(a) Increases magnetic density. 

(b) Increases magnetizing current. 

(c) Decreases “leakage current” (Leakage reactive component in 

terms of current). 

(d) Increases starting torque and maximum torque. 

(e) Decreases slip or change in speed from no load to full load. 

(f) Decreases secondary copper loss. 

(g) Increases iron loss. 

(h) Usually decreases power factor. 

(i) May increase or decrease efficiency and heating depending upon 

the proportions of primary copper loss and iron loss in the 
normal machine and also the degree to which the iron is sat¬ 
urated. 

Low Voltage 

. (a) Decreases magnetic density. 

(b) Decreases magnetizing current. 

(c) Increases leakage current. 

(d) Decreases starting and maximum torques. 

(e) Increases slip.. 

(f) Increases secondary copper loss. 

(g) Decreases iron loss. 

(h) Usually increases power factor. 

(i) Same remark as under High Voltage. 

As a general rule machines of standard design will operate 
satisfactorily on a voltage 10 per cent higher or lower than 
the normal rated figure. 

High Frequency 

(a) Increases the speed. 

(b) Decreases the magnetic density. 

(c) Decreases the magnetizing current. 

(d) Increases the leakage current. 

(e) Decreases the starting and maximum torques. 

(f) Does not change the slip in per cent for same h.p. 

(g) Does not change the secondary copper loss in watts. 
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(h) Usually increases the power factor. 

(i) Usually does not materially alter the efficiency. 

(j) Usually somewhat reduces the heating. 

(k) May result in overload on the motor if connected to a blower or 

centrifugal ■ pump or similar load which changes rapidly with 
the speed. 

Low Frequency 

(a) Decreases the speed. 

(b) Increases the magnetic density. 

(c) Increases the magnetizing current. 

(d) Decreases the leakage current. 

(e) Increases the starting and maximum torques. 

(f) Does not change the slip in per cent for the same h.p. 

(g) Does not change the secondary copper loss in watts. 

(h) Usually decreases the power factor. 

(i) Usually does not materially alter the efficiency. 

(j) Usually somewhat increases the heating. 

The above statements are reasonably correct for a varia¬ 
tion of not more than 10 per cent above the below rated fre¬ 
quency and in general operation would be satisfactory over 
that range. 

From the foregoing table on voltage and frequency it follows 
that the voltage and frequency should not be allowed to vary 
in opposite directions at the same time, i.e. voltage high and 
frequency low or vice versa. 

It also follows that if the voltage varies from normal either 
above or below and the frequency varies with it by the same 
percentage, the motor tends to develop the same torque at all 
times with nearly the same operating characteristics at that 
torque. The h.p. developed varies, of course, directly with 
the rev. per min.* 

VARIATIONS IN PHASE 

Variations in phase, as popularly considered, can occur in 
two ways, either by an actual variation from true phase in the 
phase angle or by a higher voltage existing on one or more 
phases than on the others. The results in either case are bad 
and fortunately the condition is not so apt to occur as varia¬ 
tions in voltage and frequency. This question is treated thor¬ 
oughly in a paper by Messrs. Charters and Hillebrand in the 
Transactions of the A. I. E. E., Volume 28, page 559. Their 
conclusions are that the capacity of the motor is reduced by 
either of these causes and that a relatively small variation may 
cause serious heating. The reason for this appears from a 
consideration of the tendency of a polyphase induction motor 
to balance up the circuit to which it is connected- In order 
to effect this correction, balancing currents flow in the second¬ 
ary having such phase and value as will tend to reduce the 
primary current to a balanced relation. If the system is rel¬ 
atively small and the motor unit large, practically entire cor¬ 
rection may result at the expense of slightly increased heating. 

*Some interesting comparative data on the effect of voltage and 
frequency variations on induction motor performance are given in an 
article by Mr. G. B. Werner, in the Electric Journal^ Vol. Ill, page 400. 
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But if the system is large and is unbalanced to any consider¬ 
able extent the motor is unable to exert an entire corrective 
effect but does its maximum with resulting disastrous results. 
Data on the exact result of different amounts of unbalance are 
hard to obtain but it is not unusual for the heating to increase 
40 per cent to 60 per cent when the voltage on the lowest phase 
divided by the voltage on the highest phase is as high as 90 
percent. The writer has experienced serious trouble from so 
simple a case as operating a 600-h.p. squirrel cage motor from 
two 300-kv-a, transformers in open delta. In this case the 
slight variation of the third side of the delta from its theoret¬ 
ically true value caused sufficient corrective current to flow in 
the motor to overheat it. 

CONCLUSIONS 

The conclusions to be drawn from the foregoing are; 

(1) That 60 cycles is preponderant as a choice for frequency 
for general all-pixrpose work. For heavy slow speed work 25 
cycles has advantages. 

(2) That present standard voltages are satisfactory and should 
be employed with regard to the size of the unit and pertinent 
local conditions. 

(3) That 3 phase is the most desirable choice for phase. 

(4) That variations in voltage and frequency 10 per cent above 
and below normal rated values do not seriously impair operation 
and. that if voltage and frequency vary together even greater 
variations than 10 per cent may be allowed. 

(5) That all variations in phase caused either by phase shift 
or unbalanced voltages should be avoided so far as possible. 

Selection OF Motors with Regard to Frequency, Phases, 

AND Voltage 

A. E. Averrett: The selection of induction motors with regard 
to frequency, phases, and voltage is perhaps a secondary consider¬ 
ation, as these points are of more importance when applied to the 
generating and transmission system, as well as to the motors. 
In fact these points should be considered from the standpoint of 
the entire system of electric generation, transmission, and dis¬ 
tribution of power. However, there are characteristics of induc¬ 
tion motors which are influenced by the frequency, phases, and 
voltage and some of these effects will be considered. 

^ The most important points are as follows—efficiency, power 
factor, speed, maximum torque, air gap, starting torque, starting 
and last but not least— 

.Under the head of frequency, present practise includes from 
125 cycles to 15 cycles, with the general use in this country of 

and a few 40 and 50’cycle systems; it should be 
sumcuent therefore to consider 60 and 25 cycles as coverin^r most 
cases. ^ 

For a given h.p. and speed, the efficiency of a 60-cycle motor is 
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usually slightly better than 25-cycle, but the power factor of the 
lower frequency motors will ai.sually be better. 

From the standpoint of speed 60-cycle motors offer a much 
wider range of speed than the lower frequency, due to the larger 
number of poles. On 60 cycles any speed from 3600 rev, per 
min. down corresponding to the poles can be obtained; on 26 
cycles, 1500 rev. per min. is the maximum practical speed. In 
the lower ranges of speed the following are the respective no- 
load values, 60 cycles—1800, 1200, 900, 720, 600, 514; whereas 
25 cycles can only have 1500, 750, and 500, at lower speed the 
two ranges come nearer together. 

Other things being equal the maximum torque of 60-cycle 
motors is less than 25-cycle motors, so that for momentary over¬ 
loads the lower frequency is superior. 

Since the power factor of low frequency motors is usually 
much better, and especially so on low speed motors, it is per¬ 
missible to use a somewhat larger air gap on 25-cycle motors 
than on 60 cycles of the same approximate horse power and speed; 
this is very noticeable on motors subjected to severe mechanical 
shocks, where the larger -air gap is necessary to give increased 
mechanical clearance and prevent the rotor striking the stator. 
As the power factor should be maintained reasonably high, if it 
is necessary to have large air gaps, low frequency is required; 
in fact in certain types of mill induction motors it has been found 
impractical to build a satisfactory motor for 60 cycles. 

Starting torque is usually superior on 25 cycles and while 
the starting current is slightly higher than on 60 cycles the start¬ 
ing torque per ampere is nearly always better on 25 cycles than 
on 60 cycles. 

Costs are usually higher on low frequency motors of average 
types because with the present types of iron it is feasible to 
work nearly the same magnetic density on 60 or 25 cycles, in 
which case the sections of iron must be approximately inversely 
proportional to the frequency. This larger amount of iron in 
turn requires a longer length per turn of copper, therefore, the 
weight of active iron on copper must increase very largely. As 
an offset the amount of labor in winding and insulation may be 
less, but the mechanical parts for the same stresses will have to 
be equal and as a net result the total cost and weight will usually 
be somewhat higher on 25-cycle motors than on those of 60 cycles. 
Since the greater number of motors sold in this country are for 
60 cycles the question of quantity production at present helps 
for lower prices on 60-cycle motors. 

Number of Phases 

There are practically only single, two, and three-phase induc¬ 
tion motors in use and these two latter can be classed as polyphase; 
since the single-phase motor when running near full speed has 
essentially a rotating field, it is comparable to a poor polyphase 
motor. The single-phase maximum output is less than half with the 
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same motor when on a polyphase circuit and, as it is not self-start- 
ine a polyphase winding must be used in connection with a phase¬ 
splitting or equivalent 

In every way the single-phase induction motor is inferior to the 
polyphase. The only reason for using it is, that it requires two 

wires instead of three or more. _ 

As regards two and three phase, in nearly every case a three- 
phase motor is superior to a two phase. The efficiency or power 
factor or both are superior if proper windings are used and the 
cost maintained the same, also the well known saving in copper 
of a three-phase line over a two phase applies to the motor cir¬ 
cuits It would seem that from the motor standpoint a three- 
phase motor is superior to either the two phase or single phase. 

The question of voltage is largely one of cost; low voltage 
motors are cheaper and more efficient than moderate or high 
voltages in small sizes (roughly under 100 h.p., motors of 200 or 
300 h.p. may well be wound for 2000 volts._ Motors for 6000 
volts or more should be used only in large sizes. Low voltage 

is much safer for the attendants. . 

It might be stated that low voltage-motors usually give better 
operating characteristics but at the expense of increased line 

High voltage motors on the other hand save line copper but 
with higher motor costs, poorer operating characteristics, and 
increased danger of breakdowns and injury to attendants. 

Unbalancing of either phases or voltage or both tends to in¬ 
crease the heating and reduce the break down capacity, the 
amount depending on the quality of the motor design constants. 

In general unbalancing tends to make a polyphase induction 
motor act as a phase converter drawing current from a lightly 
loaded leg to relieve a heavily loaded circuit, but at the expense 

of extra heating in the motor. ^ i . 

H. L. Wallau: There is one point brought up by the last 
speaker in connection with two versus three-phase distribution. 

A system installed in one part of this city, where the distribu¬ 
tion is underground, meets the vsituation in this way. The 
territory supplied is divided into load sections noimally indepen¬ 
dent, but which can be tied together through junction boxes A . 

See Fig. 2. ^ ^ 

Each section is fed from a bank of two transformers, a 25 kw. 
and a 10-kw. connected in open delta, and located in the middle 

of the section 

The secondary of the larger transformer is connected 115/ 230- 
volt, three-wire, that of the smaller transformer connected, so as 
to give three-phase service in connection with the outer wires of 

the larger transformer. . 

The distribution system thus consists of a three-wire lighting 

secondary and a fourth or teaser wire. 

The leads from the transformers are connected to the low- 
tension mains through four-wire junction boxes B. 
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Successive large transformer units are connected respectively 
across phases a-b, b-c, c~a, etc., the teaser units being connected 
across phases b-c, c-a, a~b, etc., thus maintaining practically a 
balanced load on the primary line. 

In case of failure of any transformer bank, all the fuses in the 
corresponding box B are pulled, thus breaking this section 
into two half-sections independent of one another. The fuses 
in the boxes A between these two half-sections and the adjacent 
regular sections are then closed, when each of these adjacent sec¬ 
tions picks up half of the load of the section on which the trouble 
occurred. The neutral wires are unchanged and phase rotation 
remains unchanged. 



BoxA(l BoxB(l) BoxA(2) 8oxB(2) BoxA(3) Box B(3) BoxA(4) 


4 -Lead Section 1----Load Section 2--*** Load Section 3- 

Fig. 2—3-Wire Single-Phase 115-230-Volt Secondary with 
Fourth or Teaser Wire for Three-Phase 230-Volt Service— Nor¬ 
mal Connections. In Case of Failure of any Bank, Say No. 2, 
All Fuses in Box B (2) are Removed and Fuses in Boxes A (2) and 
A (3) ARE Installed—Neutral Must be Closed before Closing 
23 O 7 V 0 LT Lines in Any A Box. 

Individual Versus Group Drive Machine Tools 

C. Fair: The advantages of the electric drive in industrial 
plants in general are well known and its importance in relation¬ 
ship to production is becoming better understood each year; 
yet there is much which is still imperfectly understood because 
of conditions which are constantly changing and because of vast 
improvements in electrical machinery. For these reasons it is 
difficult for one, who is not continually in touch with the situa¬ 
tion, to keep abreast of the times. 

Originally, lighting was the principal, if not the only, advantage 
claimed for electricity. Little was known of shop equipments 
as we now see them. The first few motor drives were scattered 
and confined practically to line shaft drives and to a few portable 
drills with flexible shafts. The individual motor-driven ma¬ 
chine tool was about as much of a curiosity then as an individually 
steam engine driven machine tool is today. As the motor began 
to replace the numerous engines scattered about the shops and 
to break up the long mechanical transmission lines, a great saving 
in power and improvement in continuity of service were noticed. 
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It was during this period that many of the claims of saving in 
power were made that now appear rather extravagant. It will 
be seen how enormous were the power losses when one considers 
that steam was often transmitted to numerous engines for long 
distances, from one or more power stations through small and 
often uncovered pipes; or else the power was distributed by 
long shafts transmitting power from one building to another 
or from one shaft to another, around corners by quarter turned 
belts and to various floors, etc. Much of this shafting was in 
very bad alignment. When the long shaft or any part of the 
long transmission system was broken, it often tied up a large part 
of the plant until key-ways could be cut and the shafts recoupled 
or a section of the shaft replaced, or the belts repaired, as the case 
might be. Within the past two or three years I have been in a 
plant that spread over a considerable area, employing less than 
four hundred men, the rnachinery of which was driven by twenty- 
six engines, the largest being hardly over 50 h.p. 

For a number of years the extreme flexibility of electrical 
transmission has made it the standard for power distribution 
in industrial plants, and this had originally much to do with 
the rapid adoption of the electric motor for machine shops. 
The electric motor has now practically crowded out of the 
machine shop the multiplicity of small engines and the long 
line shaft system of transmission. The overhead crane, as we 
now know it, almost owes its existence to the electric motor, 
the cumbersome mechanical transmission having some time 
ago passed into oblivion. Aside from the comparatively few 
portable machines, the largest machines were generally the 
first to be individually motor driven. With the coming of the 
adjustable speed motor and later the high speed steels, the 
future drive for the progressive machine shop is no longer one 
of speculation. 

Today the important questions before the manufacturer are 
how to increase production and how to decrease cost. In the 
majority of cases labor is the greatest cost of production. Thus 
where machine tools are a considerable factor in the production 
and where labor is one of the principal items in the cost of pro¬ 
duction, the importance of obtaining a maximum output from 
the tool is evident. Tools that are limited in their productive¬ 
ness because of the lack of power at the tool are a source of 
expense to the manufacturer, not only on this account but on 
account of the excessive labor due to the additional time re¬ 
quired. The power cost of production is comparatively small, 
roughly varying from one to three per cent, while the labor cost 
is usually a very large item of the production cost, often amount¬ 
ing to fifty per cent and upward. If, therefore, by increasing 
the power on a given tool its output can be increased, the 
conclusion is obvious. 

If the plant under consideration' be very small and the ma¬ 
chines only of fair size, local power conditions might be the 
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deciding factor in the motor applications, and as the current 
available for the smaller shop would generally be alternating 
current, the machines would so far as possible be selected to 
fit this condition. The very size and product of the small 
factory make a desirable layout a comparatively simple matter 
and especially is this true where cost does not warrant the 
necessary outlay to obtain the increased production. 

The question of using alternating versus direct current or 
both, would, to a large extent be decided by the size of the 
plant, the nature of the work, present installation, if any, pro¬ 
portion of constant to adjustable speed drives, etc. If the 
shops covered considerable area, it might pay to generate 
alternating current for ' convenience of transmission and con¬ 
vert the necessary direct current. Again it might be advis¬ 
able to generate both alternating and direct current. 

Large industrial plants, using many individually driven 
machine tools including metal and woodworking machines, 
would operate advantageously with both alternating current 
and direct current. Alternating current for the majority of 
the constant speed type machines including certain of the ma¬ 
chines with mechanical speed changes as drill presses and 
certain types of lathes, shapers, etc., wood working machines, 
group drives, and constant speed auxiliaries, lighting and to 
a certain extent transmission, etc.; direct current for all ad¬ 
justable speed machines and for machines, the duty cycle of 
which can best be taken care of by the d-c. motor. 

The choice of constant speed motor drives in combination 
with the all geared speed change machine versus the adjust¬ 
able speed motor driven machine depends largely upon the 
kind of machines under consideration, and upon the work; for 
instance, on all geared head lathes turning only straight away 
work, such as axles, shafts, etc., the constant speed motor 
would be satisfactory, but for work constantly changing in 
diameter,, or for facing and boring operations, or where the 
work must be stopped many times for callipering or fits, or 
for running^ off small cuts rapidly until the heavier cut is met 
or for cutting up against shoulder, etc., the d-c. adjustable 
speed motor has alb the advantage. Not only can the speeds 
be instantly and conveniently changed when wanted, but the 
machine can be quickly stopped by means of dynamic braking. 
In the, case of automatics, semi-automatic machines, etc. the 
motor speeds can, of course, be easily changed automatically. 
There are in fact hundreds of cases where production can 
materially be increased by the use of adjustable speed motors. 
The direct-connected, reversing d-c. motor-driven planer is 
another example of increased production due to adjustable 
speed motor and to the flexibility of the control. The properly 
combined unit of machines, adjustable speed motor and con¬ 
trol can be made to accomplish much toward increasing pro¬ 
duction. 
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Some of the advantages claimed for the direct-connected tool 
are as follows: Maximum output of the tool due to greater 
power and overload capacity, absence of slipping belts, closer 
speed regulation which allows a maximum cutting speed for 
metals of varying degrees of hardness, rapid speed changes, 
quick starts, stops, reversals, independent operation of aux¬ 
iliaries and ease of manipulation through convenient control 
stations. 

Elasticity in the arrangement of tools: Tools can be ar¬ 
ranged ^ to the greatest advantage for sequence of operation 
in routing work, and also for good lighting as well as for com¬ 
pactness when necessary. 

Ease of adding new tools and of moving and rearranging 
tools: Ease of adding new tools means a great deal in grow- 
plants. Rearrangement becomes necessary after reason¬ 
able growth or because improvements in methods of manu¬ 
facture call for a better routing of work; 

Head room for^ cranes, hoists, etc. For example, note the 
expensive manner in which work is often handled because belts 
or shafting interfere with the installation of cranes or hoists. 

^ Facility for running only such tools as are required for over¬ 
time work. 

To a large extent the elimination of belts and belt troubles. 

Safety to operators: The individual motor drive offers abso- 

Protection to the operator from accidental starting up 

of the machine by merely opening a switch. Machines so 

protected cannot be started unexpectedly by the starting up 

of line shaft, the creeping of belts from loose to tight pulley, 

the sticking of clutches, etc., or by the accidental tripping of 

clutches by the operator. This additional safety is. of particular 

advantage on machines requiring certain setting up operations 

as on punch presses, etc., also by the fact that machines can be 

quickly stopped from any one of a number of the motor control 
stations. 

Some of the indirect advantages are: Power distribution 
not only for tools, stationary or portable, but for lights, cranes, 
elevators, furnaces, welders, transportation, etc. Power and 
light can be had quickly and cheaply in any part of the build- 

ings or yard, permanent or temporary without regard to struc¬ 
tural conditions. 

Unobstructed light and sanitation: Numerous belts ob¬ 
struct light, whether natural or artificial. 

Competition today necessarily means the monotonous du¬ 
plicate system of nianufacturing wherein the individual makes 
only one part of ^e finished product. It is now recognized' 
as not orfy desirable but as an economy that some form of 
interest be restored to help break this monotonous routine of 
duplicate manufacturing. This can and is being accomplished 
in a manner by making the surroundings attractive. Individual 
dnve not only increases production, but reduces to a minimum 
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many of the unattractive features of the shop, such as over¬ 
head revolving pulleys, masses of moving belts, noisy trans¬ 
mission, stimng up of oil and dust, and bad lighting conditions. 
Electric drive also reduces many heavy manual operations to 
a minimum by the use of auxiliaries. It pays to capitalize 
cheerful surroundings. 

The general use of high-speed steel has made it not only 
possible but necessary for economical production, that the 
cutting speed be increased in order to meet competition. 
Increasing the cutting speed naturally means more power; 
and while much has been said from time to time regarding the 
increased production and saving in power due to applying the 
power direct to the tool, yet the writer has very serious doubts 
if anything like the real importance of this direct application 
of power is realized in many cases, even by those who are ad¬ 
vocating it. For instance, the saving of power is looked upon 
generally as a matter of how much of the transmission friction 
load can be saved, and, though this saving may amount to 
50 per cent, it is in many cases only a part of the real saving 
as has been proved by numerous tests made by the writer. 

The slipping, due to a belt not being able to pull its cut, means 
waste power and loss of production. If the cut be heavy 
enough the maximum slip will be reached when the machine is 
stalled, the power input remaining approximately the same. 
The load is now entirely one of friction due to slip in the belt. 
A familiar illustration of this fact is that of an operator de¬ 
creasing the depth of his cut on account of the slow down, because 
the belt will not carry the load. The solution of this would seem 
to be increase the size of the belts. This will suffice in some 
cases, but there are numerous instances where either there is not 
room to increase the width of the belt or if step cones be used the 
number of steps will have to be decreased. Such means as 
multiple countershafts or additional gearing must be included 
to complete the speed range. Furthermore, it is difficult to shift 
large belts, and this method generally results in much loss of 
productive time. 

As previously mentioned, up to a few years ago in the majority 
of shops where motors were used they were usually belted to the 
line shaft or the countershaft of the tool. Adjustable speed 
motors were not so commonly used then as now, nor were they 
made in the great variety of sizes and speeds now obtainable. 
Today, especially in the case of new tools with their requirements 
of high power and close speed regulation, it becomes not only 
more convenient, but in many cases almost a necessity, to apply 
the motor directly to the tool. 

In driving tools with individual motors it will be noted that the 
motor not only supplies the power and speeds best adapted to the 
tool, but that in the case of variable speed tools the speed range 
of the adjustable speed motor alone will, in many cases, cover the 
entire speed range of the tool. The motor and its controlling 
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apparatus should, whenever possible, be connected directly to the 
tool, thus making a compact unit, which has also the additional 
advantage ^01 allowing the entire machine to be moved by simply 
disccmnecting the leads and connecting them in the new position 

In the case of protable tools, this, of course, is an absolute 
necessity. 

The advantages of individual motor drive for large tools and 

for certain of the smaller tools have been conceded for years but 

there are many tools where either the cost of the motor or the’cost 

of applying the motor to the tool is prohibitive on account of the 

construction of the machine. This cost could be modified by 

making the motor a part of the tool rather than a mere addition 
■ to it. 


Better drives are possible now than formerly, due to the greater 
motor speed range obtainable, to the decrease in size of motor 
per horse power, to motor characteristics which specially adapt 
them to the work which they are to do, to more perfect balance 
01 the rotating parts at high speed; and, to a certain degree, to 
improvements in gears which allow higher speeds without 

excessive vibration and noise, and to the many recent improve¬ 
ments in control. 

Considerable _ difference of opinion has developed as to the 
advantages of individual versus group drive, and while it is 
generally agreed that it is advantageous to have the larger tools 
individually driven the agreement by no means extends to the 
smaller ones. Under certain conditions there is no question as 
to the adva,ntages of the individual drive for small tools, as, for 
example, where small tools are necessarily placed among larger 
ones, or to allow convenience in the placing of tools in the 
assembling departments, etc. 

+V, ® machines working under conditions 

that would not justify the outlay necessary for driving them by 

individual motors and these machines should be grouped and 
driven by a single motor per group. When the work of actually 
equipping a factory with motor drive is undertaken, it is necessary 
0 s udy the conditions of operation, which vary greatly with 
the product manufactured. The arrangement of a factory may 
® ^ ifferent if many motors instead of a few groups are 

used. Simply the difference in the position of a number of the 

facilitate the handling of material 
When direct connected drives are to be installed in a new 
buil(hng, a substantial saving in the actual cost of the building 
can be made by omitting the necessary reinforcements, inserts 
or provisions that are usually made (depending on the con- 

founlSs'hfft^ g the line shaft and numemSs 

countershafts. This saving, together with the cost of line-shafts 

counter-shafts, hangers, pulleys, clutches, belts, etc., should be 
Si when figuring the cost of the electrical 

In conclusion, we cannot help but call attention to the greatly 
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increasing number of individually motor driven tools which is 
ue pnmarily to the fact, as has been shown, that the tool so 
equipped can do more work, can do it better, and do it cheaper. 


Factors Involved in Motor Application 


R. W. Davis: The following remarks upon the effect on 
o ors of frequency, phase, and voltage are based upon, in- 
uc ion motor applications, since this type of motor predominates 

i® continually becoming more and more 
power increase in development of alternating-current 

frequency to be employed is fixed by considerations 
entirely independent of the motor application in the majority 
ot cases. The small power user generally buys power from a public 
service company and must adopt the frequency available, usually 
ArU; cycles. In a few special applications, as, for example, 
driving machine tools, the flexibility of speed control warrants 
tne installation of a motor generator set and direct-current motor 
drive. Larp users of power, frequently have their own gen- 
erating plants and can exercise more or less choice in the selection 
ot treqpncy. Even then some consideration must be given 
, o _ e requency supplied by the neighboring power company, 

of serious damage to the power plant, it might be 
ff!if ^ ® temporary service from the electric company, 

it the frequencies are the same, the most that will be needed wdll 
be a set of transformers; while if the frequencies are different 

a requency changer must be installed with possibly trans¬ 
formers m addition. 

^ Assuming that the amount of power required or local con¬ 
ditions are pch that the power user is free to fix upon a frequency 
entirely independent of the public service company, the choice 
of frpuenp is dependent upon the service. Where very low 
sppds and large overload capacities are required, as in rolling 
mill ^ryice, a frequency of 25 cycles should be employed; for 
the efficiency, power factor and overload capacities of a 25-cvcle 
induction motor are inherently good. The 25-cycle motor really 

lenas Itself to the heavy rugged construction required by steel 
mill service. 


inotor has approximately the same efficiency as 
e cycle macliine, but poorer power factor and lower over- 
load capacity for a given rating and speed, and is usually a lighter 
and cheaper machine. A number of installations have been made 
a frequency of 40 cycles and have given excellent service, 
e ernciency IS about the same as for 25 or 60 cvclss and while 
the power factor and overload capacity are lower than for a 25- 
cycle machine, they are much better than in a similar 60-cycle 
motor and compensate for the slightly greater cost. Forty- 
cycle rnotors can be built with good power factor and relatively 
large air gaps. Motor purchasers often fail to pay sufficient 
attention to power factor and air gap and consider power factor 
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only from the dollars and cents point of view of supplying current 
to the motor. The power factor of an induction motor is almost 
directly proportional to the radial length of air gap, and the 
motor with the large air gap, though possibly costing slightly 
more for power, is much more reliable and will save enough in 
repairs, operator’s time and fewer shut-downs to make up the 
difference in power cost many times over. In continuous 
operations a single shut-down will frequently cause a loss several 
times greater than the original purchase price of, the mo tor 

The speed obtainable with the different frequencies is an 
important item, and in this respect the higher frequencies have 
a very decided advantage. With 25 cycles the higher syn¬ 
chronous speeds are limited to the following; 1500, 750, 375, 
300, rev. per. min. while with sixty cycles the corresponding 
speeds are 1800, 1200, 900, 720, 600, 514,450,400, 360, 327 and 
300 rev. per min. These include the 25-cycle speeds with the 
exception of 1500 rev. per min. and in addition the important 
speeds of 1800, 1200, 900, 600 and 450 rev. per min. which are 
not available with a 25-cycle system. 

The number of phases is frequently determined by the power 
supply available and is not open to choice. Three-phase 
power should be used for motor drive wherever possible since 
the characteristics of a three-phase induction motor are much 
better than those of a two-phase machine. 

The choice of voltage is dependent upon a number of factors, 
and the voltage adopted should be that one which will give 
the best average service, due consideration being given to the 
cost of motor, switches, lines, transformers, general reliability, 
etc. Considering this from the motor standpoint, we find 
that the percentage of slot area taken up by the insulation is 
a very important factor and is more or less dependent upon 
the size and speed of the motor. Induction motors differ from 
synchronous machines in that they require more slots per 
pole to give satisfactory operation, and the percentage of total 
slot space taken up by the insulation is therefore greater. As 
the size of the motor increases, the slot pitch usually becomes 
greater, permitting the use of wider and deeper slots. The 
number of slots increases with decrease in synchronous speed 
for a given horse power and frequency. Hence speed as well 
as the horse power of the motor should be considered when 
selecting the voltage. On account of this, small motors, say 
up to about 50-h.p. capacity, and medium size slow speed motors, 
should be wound for 550 volts or lower. A voltage of 2200 is 
satisfactory for medium size standard speed motors and all 
large machines. 

Conditions are such in many cases that it is desirable to 
wind the motors for a voltage higher than 2200. This is prac¬ 
ticable where the amount of power per unit is large. There 
are a large number of induction motors wound for 6600 volts 
which have been in operation for a number of years and which 
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have given entire satisfaction. A very few induction motors 
have been wound for service on 12,000 to 13,200-volt lines. 
These voltages require a very large number of turns per coil, 
and even in the largest machines a considerable portion of the 
slot space is taken up by insulation. Motors of this character 
are liable to be broken down between turns inside the coil by 
line surges caused by high-tension switching. It seems very 
questionable to the writer whether it is desirable to wind any 
induction motor for higher than 6600 volts. 

The small variations of voltage and frequency such as are 
usually met with in ordinary commercial service do not have 
any material effect upon a standard 40-deg. cent, induction 
motor. By this I mean that the motor will continue to carry 
Its load without overheating. The adoption of a 50-deg. cent, 
rnaximum rating as a standard may require closer regulation 
of the power supply. The materials in these machines will 
be worked harder and there will be a somewhat smaller factor 
of safety than with the normally rated motors, hence the effects 
of deviation of frequency and voltage from normal will prob-“ 
ably be more appreciable. 

Group vs. Individual Electric Drive 

R. Johnson: There is perhaps no phase of the problem of 
applying electric motors to factory drive, involving a greater 
nurnber of debatable points than that of the choice between 
individual or group drive. For this reason little more can be 
attempted in a ^ short discussion than to outline the more im¬ 
portant determining factors. Generally speaking, it may be 
said that properly planned individual motor drive always rea¬ 
lizes in the highest possible degree all the manifold operating 
advantages of electrical power distribution and application. 

Group drive still has, and always will have, a field of useful- 
ness in which it is superior, all things considered, to the method 
of individual motor drive. Nevertheless, results obtained in 
comparison with the best methods of group drive show that, 
when a company can afford the initial cost of separate motors,’ 
their use generally results to the greatest ultimate economy, 
as well as convenience. 

Probably the most important advantage of individual drive 
is the possibility of increased production. This increase may 
result from a number of different causes and ranges in amount 
from the^ moderate gain due to greater reliability and fewer 
interruptions^ with ordinary constant speed machines, to the 
tremendous increase in capacity achieved with some of our 
most ^modern machine tools with automatic or semi-automatic 
electrical control and precise speed adjustihent for both cut and 
feed. 

Adjustable or multi-speed motors with ordinary hand control 
net a very considerable saving in time required to effect speed 
adjustments, as compared with mechanical arrangements in- 
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volving cone pulleys or gear changes; this advantage is further 
accentuated by the ready practicability with which simple con¬ 
trol levers can be placed convenient to the operator’s hand, 
while remaining in a position to closely observe the work-being 
done, thus increasing production not only directly but also 
indirectly by reason of finer control of operations and conse¬ 
quent smaller percentage of outages. 

In line shaft (or group) drive, every successive belt through 
which power is transmitted from the primary source to the 
tool itself gives a drop in speed of 2 to 3 per cent (often more) 
which may in some cases result in a serious reduction of speed 
at the tool or, if the load is variable, an annoying speed pulsa¬ 
tion. On some very fine work, such as textile loom drive, the 
more precise speed maintained by individual motors actually 
improves the quality of manufactured goods, as well as increasing 
production by at least three or four per cent. With improved mod¬ 
ern tool steels it is often desirable to increase the speed and depth 
of cut of old belt driven machines. In such cases considerable 
trouble is often experienced with slipping belts, while in occa¬ 
sional instances the allowable size of belt and pulley simply will 
not satisfactorily transmit the required power. Fortunately 
it is generally possible to mount an individual motor on the 
machine frame and to effect a positive gear drive. 

The readiness with which the most elaborate controls can 
be accomplished electrically, brings very important time sav¬ 
ing possibilities within the reach of such industries as those 
of cloth and newspaper printing. Not only is delicate and 
positive speed adjustment made possible, without the use of 
cumbersome mechanical devices; but more important still from 
a productive standpoint, a great deal of time is saved in pre¬ 
liminary or make-ready operations, by means of extremely low 
obtainable speeds and “ jogging ” features. 

Specific examples in which individual electric drive makes 
possible small or large increase in productive capacity or sav¬ 
ing in time, which amounts to the same thing, could be mul¬ 
tiplied almost indefinitely. We believe that almost any ma¬ 
chine which requires operating speed adjustments, and many 
others besides, can be made to produce from 5 to 50 per cent more 
with individual motor than with group or shaft drive. 

Probably next in importance to increase of production is 
the power saving with individual drives. It must be admitted 
that even with properly planned group drive a good deal of 
the friction load will not have been eliminated. Although main 
line shafting and belting may have been eliminated, there 
stiE remains, practically the same, or an equivalent, system 
of secondary belting or countershafting. It is seldom indeed, 
even in the best examples in practise, that groups are laid out 
to avoid idling ’’ of a large proportion of the driven machines. 
In general machine shop work, for example, the percentage 
of machines momentarily idle at any given time may run as 
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high as 60 per pent.^ Wherever such operating conditions ob- 
tain the use of individual motors, whose power demand ceases 
the instant the^ driven machines are shut down usually results 
in a power saving of 10 to 50 per cent and frequently more. 

Opposed to the possible increase of production and salvage 
ot wasted power accomplished by individual drive is the increased 
initial cost. The point is well illustrated by the accompanying 
curve, Fig. 3, showing the rapid increase in cost of motor equip¬ 
ment when composed of small units. The figures are drawn 
from actual retail prices for constant speed d-c. motors with 
sliding base, speeds chosen being in the neighborhood 
of 1100 revolutions per minute for small sizes and about 700 
revolutions per minute for larger units, ix.^ speeds somewhat 
lower than the practicable limit for belted drive. The com¬ 
parison in practise would be still more striking since belted 
motors driving shafting could often be chosen at higher speeds, 



while geared individual motors would often need to run at a slower 
rate. Furthermore, in order to realize one of the principal objects 
of individual drive, the smaller motor might need to be of the 
adjustable speed type and hence involve a higher initial expense. 

Considering any rational possible saving in first cost of 
shafting, hangers, etc., when using individual drive, this cost 
would be largely offset by the expense of installing the greater 
number of rnotors, involving as it would in many cases necessary 
alterations in^ the mechanism of the driven machine as well as 
the construction of supporting brackets, extra conduit work for 
wiring and possibly the charge for expert designing and drafting. 

It will readily^ be seen, therefore, that to justify the extra cost 
of individual drive, the material advantages gained must be in 
proportion. The investment is amply justified by any ap¬ 
preciable^ increase in production. In general, the cost of power 
and fuel is only 2.5 to 3.0 per cent of the value added or created 
in manufacturing processes, as shown by the U. S. Census of 
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Mfg. Industries, while the wages (exclusive of clerks and salaried 
help) is practically six times that amount. A glance at these 
figures shows precisely why, almost regardless of the running 
or investment charges on the motive equipment, a large majority 
of manufacturing plants profit very substantially by the use of 
individual drive. An apparently small increase of production 
will amply justify a large percentage increase in the cost of power, 
since the latter is always a very small element in total cost of 
production. 

Besides the points already discussed there are a multitude of 
by no means unimportant advantages attendant on the use of 
individual drive, any one of which may prove determining factors 
in making the proper choice; these features all have a more or 
less direct result in increasing production or improving the 
quality of the manufactured goods. For example, individual 
drive makes possible a shop whose overhead space is unobstructed 
by shafting, pulleys and belts, thus permitting: 

1. Better light and circulation of air. 

2. Less dust, dirt and noise. 

3. Less expensive building construction. 

4. Unobstructed handling of materials by traveling cranes. 

The change from group or line shaft drive results in a sub¬ 
stantial improvement in the safety conditions under which the 
operators at and about various machines are permitted to work. 
The lessening of risk from the mere elimination of shafts, belts 
and other cumbersome devices for mechanical power transmission 
may be best appreciated by a study of literature devoted to the 
subject of accident prevention, as well as of various state laws 
requiring the guarding of shafts, belts, rope and chain drives, 
gears, pulleyamnd couplings. The First Annual Report of the 
Massachusetts Industrial Accident Board, 1914, shows 3.6 per 
cent of fatal, and 2.75 per cent of non-fatal accidents to be due to 
belting, gears, shafting, set-screws, couplings, etc. In addition 
“falls’’, which present a formidable total, are undoubtedly 
contributed to by the presence of mechanical power trans¬ 
mitting devices. 

After all, individual drive gains its strongest claim as a pro¬ 
moter of personal safety because of the ease of control over 
ordinary operations, the possibility it offers of perfecting at a 
reasonable cost, the most elaborate automatic controls for special 
operations, or centralized controls for intricate and extensive 
machinery systems which should be operated as a unit; in 
addition to the ease with which automatic stop buttons' and 
levers can be arranged at points convenient to any one of several 
operators or attendants at a single machine, or at points where 
hazardous operations are to be performed. Examples of such 
accident saving control features might be multiplied without 
end, did space permit. 

Individual motor drive, by merely opening a switch, offers 
absolute protection against accidental starting of machinery. 



1915] 


DISCUSSION AT CLEVELAND 


759 


All danger of such an occurrence due to the unexpected starting 
up of line shafting, the creeping of belts from tight to loose pul¬ 
leys, sticking or accidental tripping of clutches is at once 
eliminated. 

The reduction of nervous strain and the beneficial effect on 
precision of movement and keenness of the sight and hearing 
due to improved lighting and ventilation with reduction of 
noise, dirt, dust and delays resulting from the change to in¬ 
dividual motor drive are important indirect contributors to the 
cause of accident prevention. 

Another very important point is the ideal freedom allowed in 
arranging machinery, without reference to the location of shafting 
and with an eye single to the most advantageous handling and 
routing of goods in the manufacturing process, to space economy, 
rearrangements, enlargements, etc. 

Individual drive provides insurance against serious inter¬ 
ruptions of production due to failure of any one motor, since the 
difficulty affects only one machine instead of an entire group or 
department. 

Not the least important advantage of individual drive is the 
readiness with which the system lends itself to accurate tests of 
power consumption by separate machines. By means of record¬ 
ing instruments the rate of production and duty cycle can be 
accurately checked, thus furnishing accurate data for cost 
accounting, piece work pricing, and possible change in the size 
of the motor used for the drive. 

By similar means a ready check is afforded upon the physical 
condition of the machine and cutting tool. Wood-working tools 
in particular, due to dulled or misaligned cutters, may absorb 
two or even three times the power normally required for the 
kind of work being done. The extra power not only is wasted 
but is liable to react injuriously upon the machine itself by way 
of strained parts or heated bearings. By systematic occasional 
readings of power consumed while running light and loaded, 
faults may be found and corrected before serious loss or trouble 
occurs. This particular phase of the vSubject is likely to attract 
much more attention in the future than in the past. 

Conditions that point strongly to group drive as the proper 
choice are: 

1. Groups of constant speed machines which may be arranged 
to run continuously, or simultaneously. 

2. Compact groups (i.e., those requiring only short lengths 
of countershaft) where, due to the diversity factor in operation, 
the h.p. rating of a single motor to drive all machines together 
may be considerably less than the combined h.p. necessary to 
equip all with individual motors. (This is especially true when 
motor rating is less than 2 h.p. each.) 

In neither of the above cases could the power consumption 
be greatly reduced by individual drive nor, since only constant 
operating speeds are required, would the increase in produc¬ 
tion be more than a nominal amount. 
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3. Groups of similar constant-speed machines which, due to 
extra heavy starting demands or momentary peak load require¬ 
ments, would require motors for individual drive considerably 
in excess of the average running load, 

4. Groups of very small machines where, despite some sav¬ 
ing in power, individual motors would be unreasonably costly 
and inherently somewhat less rugged and reliable than larger 
sizes. 

Any considerable increase of production would, however, 
justify individual motors in such a case. 

To summarize, the only practical disadvantages of individual 
drive are higher first cost of equipment and, in the case of very 
small motors (fractional h.p. sizes) a slight inherent reduction 
in ruggedness and reliability. Among the advantages to be 
gained are: 

1. Increased production. 

2. Saving of power. 

3. Possible improvements in arrangement of machinery, sav¬ 
ing in cost of millwrighting, and building construction, free 
overhead space, better light and air, increased safety, etc., 
which may be grouped under the heading of “ attendant ad¬ 
vantages,” 

The ultimate choice will depend in any case upon the im¬ 
portance attaching to the various factors with reference to the 
particular factory conditions to be met, affected to some extent 
by the tastes and preferences of the customer’s personal repre¬ 
sentative. 

Safety First in Motor Applications 

W. C. Yates: People not fully informed might infer, from 
the present widespread attention that is being paid to ways 
and means of safeguarding workmen from accidental injury, 
that practically no thought had hitherto been given to an 
obviously most important matter. Such is not the case, as 
anyone who cares to investigate can readily learn. It is not 
proposed to discuss here the reasons for the awakened general 
interest in the movement which has for its slogan “ Safety First.” 
Our subject deals with motor applications, and it will be noted 
that many of the precautionary measures advocated in the 
following have been in force for some time. The really new 
ideas, as represented in certain recently designed motors and 
controlling devices, also by installation features of noveh char¬ 
acter, indicate that the latest steps are toward protecting the 
operator, electrician, cleaner, repairer, or anyone who may for 
reason or no reason, handle or tamper with the equipment, 
against any grievous results of carelessness, negligence or 
ignorance. There have been for many years safeguards ade¬ 
quate for an intelligent workman exercising a reasonable 
amount of car.e. 

The field of application of the electric motor constantly 
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broadens and becomes more diversified. In these days it is 
out of the question, perhaps even undesirable, to place the 
operation of all motors in skilled and intelligent hands. Much 
niotor-driven machinery is operated by men whose knowledge 
of mechanics and electricity is absolutely nil. It is necessary 
to protect each against the other, and “ Safety First ’’ concerns 
the protection of the man. 

Safety First in motor applications could be considered to 
embrace precautions taken in the whole system of which the 
motor is a part; including the power plant, transmission, trans¬ 
formers, internal wiring, etc. on one hand, and the safeguards 
placed on the driven machine on the other. This discussion 
will be confined to the motor and its control, beginning with 
the leads supplying power, and ending at the pulley, pinion, 
clutch or coupling through which the motor transmits power 
to the machine. 

THE MOTOR 

Wiring to the Motor \ The danger here is one of electric shock 
and can be guarded against by: , 

1. Bringing the line leads through conduit to a conduit box 
enclosing the motor terminals. The conduit should be elec¬ 
trically connected to the motor frame. Up to date types of 
motors, having terminals mounted upon terminal boards, are 
designed to receive standard conduit fixtures for enclosing the 
terminals. 

2. Bringing the motor leads through bushings in the frame 
and using thoroughly insulated and protected connectors for 
connecting to the line leads. 

3. Placing the motor out of reach or in a pit with the term¬ 
inals under the motor. 

There are, of course, special cases which demand special 
treatment. For instance, crane trolleys must of necessity be 
bare and should be suitably guarded and danger signs erected 
where workmen may have occasion to come in close proximity 
to the wires. 

The Motor. The motor offers possibilities of both electric 
shock and mechanical injury. The guarding of the terminals 
has already been referred to. In addition: 

1. The frames of all motors operating on high voltages, such 
as 2300 should, without question, be permanently and effec¬ 
tively grounded. ^Grounding of the frame is also essential on 
lower voltages in installations where dampness, acid fumes, or 
other deteriorating agencies can affect the insulation. 

The question is still open as to the advisability of grounding 
motor frames as a general practise on the lower voltages. The 
A. I. E. E. Standardization Rules demand high potential tests, 
which are amply sufficient to ensure improbability of the motor 
windings grounding. It should be borne in mind, however, 
that insulation deteriorates with time, and after several years 
service it is not reasonable to suppose that the same factor of 
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safety exists. It is best to be on the safe side, and to be ab¬ 
solutely so it might be well to ground motor frames on all cir¬ 
cuits of 250 volts and higher. 

2. In the design of motors the tendency in the frame design 
is properly toward so enclosing the rotating parts that injuries 
caused by the rotating armature and ventilating fan cannot 
occur. Sufficient ventilation is provided by perforated strips 
or sections of coarse mesh set into the bearing heads, or by 
providing for the flow of air around the bearing housing. 

Motors, not so protected, should be so located or guarded 
by a rail or shield as to make it impossible for the hand, any 
other part of the body, or the clothing of anyone to be accidently 
caught. 

3. Gears, pulleys, couplings, slotted shafts and all other 
rotating parts should also be so shielded as to make accidental 
contact with them impossible. In the case of back geared 
motors the motor manufacturer should supply a proper gear 
case or guard, unless it is known that the complete machinery, 
of which the motor is a part, makes such provision. 

It should not be overlooked in the case of motors made with 
shaft extensions at both ends, and where but one extension is 
in use, to guard the other shaft end. Some types of motors 
are manufactured as standard with a shaft extension for a 
solenoid brake, whether the latter is used or not. Where the 
brake is not furnished with the motor, the manufacturer should 
provide a suitable shield to cover the superfluous shaft extension. 

THE CONTROL EQUIPMENT 

The features essential to a safe control equipment may be 
grouped under headings as taken up in the following: 

Protection from Electric Shock or Burns. It is naturally im¬ 
possible to treat the. control like the motor, as the former must, 
in the great majority of installations, be manually operated direct¬ 
ly or indirectly. Similar considerations, however, apply to 
the guarding of terminals and connecting leads, and to" the 
grounding of enclosing case and conduit. 

In general, protection of the control equipment can be afforded 
by resorting to one or more of the following four classes : 

Class (A) Protection. Out of reach, at least 6 feet, six inches 
above the floor level. 

Class (B) Protection. Mechanically enclosed, but necessary 
to open doors or covers to operate. 

Class (C) Protection. Mechanically enclosed, but not neces¬ 
sary to open doors or covers to operate. 

Class (D) Protection. Protected by guard rail. 

^ Under class (A) may be grouped either electrically or mechan¬ 
ically remotely controlled switches, circuit breakers, contactors, 
rheostats, and any other devices which are indirectly operated 
and may therefore be located out of reach. Automatic starters 
for pumps, controlled by a float switch or a pressure switch, belong 
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in the same category. In all such cases a disconnecting switch 
should be installed so that an authorized person may be able to 
make the control dead while doing any work upon it. These 
same remotely controlled appliances may naturally, if desired, 
be protected in accordance with Classes B, C or D. 

IJnder Class (B) may be grouped control equipments infre¬ 
quently operated, and then only by an experienced and depend¬ 
able operator. Starters and speed regulators for continuously 
running motors may be properly thus protected. 

Class (C) comprises all control devices liable to frequent 
handling, such as drum controllers, master controllers, push¬ 
button switches, auto-starters, and other types of motor starting 
or regulating switch mechanisms used with motors put to service 
which dernand more than occasional starting or speed regulation. 
Such service embraces shop tools, cranes, printing presses, textile 
machines and the like. 

In Class (D) may be placed control equipment for group drive, 
large motors of* for other such service as requires infrequent 
starting or stopping, and may be isolated from machinery around 
which men are at work. Examples of such installations are 
motor driven compressors, fans, conveyors, etc. 

Where the replacement of fuses is left to workmen who are 
not experienced electricians, provision should be made to so cover 
the fuses that the cover cannot be removed without first opening 
the line switch, or else to provide an insulated fuse holder by 
means of which the fuse may be withdrawn from its clips and 
a new one inserted with no possibility of the hand coming in 
contact with any live parts. 

Circuit-rupturing parts should be so shielded or enclosed that 
any arcing cannot injure the person operating the control 
equipment. 

Protection from Mechanical Injury. Controlling devices in 
themselves offer little likelihood of injury other than electric 
shock or burn. There are, however, possibilities of injury from 
the motor-driven machine that must be taken into consideration. 
No-voltage protection is essential in all installations in which, 
when power has failed, the resumption of power causing the 
machinery to unexpectedly start would be liable to harm 
anyone who might be at work about the machine. When the 
power goes off it should be possible only for the operator to 
restart the motor. 

In the case of any machine, such as a newspaper press, which 
may be operated by an automatic starter controlled from more 
than one control station, a safety switch should be installed at 
each station which may be opened at any station to prevent 
the starting of the motor from any other station. 

Provision should be made for the locking against operation 
of controlling appliances of machinery on which anyone may be 
working not in full sight of* any one else who might manipulate 
the controller to start the motor. 
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Limit switches, stopping the motor independently of the 
operator, are essential to safety on machinery such as hoists, 
where overtravel would result in damage. 

It is essential to install suitable brakes on cranes or other 
machinery which upon failure of voltage or other opening of the 
circuit will prevent a descending load or continued running of 
the machinery from causing damage. Safe braking depends 
upon the nature of the installation. Best’practise provides a 
crane either with one mechanical load brake and one solenoid 
brake, or else with dynamic brake and two solenoid brakes. A 
crane control equipment should also include, mounted within 
ready reach of the operator, a switch the operating knob of which 
may be quickly struck by the operator to open the circuit to all 
motors ‘on the crane. Many machine tools require dynamic 
brake protection which should be provided wherever an emer¬ 
gency stop would ever be necessary to prevent damage. 

Passenger-carrying hoists and elevators demand extra pro¬ 
tective features peculiar to such service, and need not be 
dealt with in this discussion. 

^ In General: Controlling appliances should contain only such 
circuit manipulating devices as will clearly indicate whether they 
are closed or open. 

All controlling devices and equipments should be clearly 
marked to indicate the use for which they are intended and all 
terminals should be marked so as to make proper connections, 
a matter of no difficulty. 

Controlling appliances should be made, as far as possible, so 
that in case of failure of any part of the mechanism the results 
will not be dangerous. 

When installed under conditions where gas or combustible 
flyings may accumulate, controlling devices should be effectively 
closed to prevent explosions. 

In conclusion it may be in order to make a plea for the main¬ 
tenance of the full significance of the term “Safety First,” which 
should not be used in the advertising or exploitation of any 
device or equipment that does not actually conform to all 
reasonable requirements. There is danger that, if used too 
generally or inappropriately, this trademark of protection to 

life and limb may be perverted by the careless, and become 
meaningless. 

Capacity and Type of Motor which may be Thrown on or 
Used on Systems, from the Standpoint of Central 

Station Companies 

R. F. Schuchardt: Central stations, being in business to supply 
electrical service to everybody who has need for it, would 
naturally prefer to run “wide open’’; that is, to have no restric¬ 
tions whatever on what may be connected to the system, in order 
to make it simple and easy for consumers to receive service. 
Unfortunately, however, such absence of limitations would bring 
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about conditions which would greatly impair the quality of the 
service rendered, not only to the consumer having undesirable 
apparatus but to all others on the same circuit.. There are also 
other limitations prompted by commercial considerations; that 
is, by the cost of furnishing the service compared with the 
probable income to be derived from same. In this latter class 
belongs the rule which requires that al] alternating-current 
motors of less than 5 or h.p. shall be single-phase, since 
the cost for the extra transformer, etc., would make a polyphase 
installation for this small load unremunerative. 

The principal limitations imposed to safeguard the quality 
of the service are with respect to size of motor permitted on one 
side .of a 3-wire system and the starting current permitted for 
various sizes. It is usual to forbid motors larger than | h.p. to 
be connected on one side of a 3-wire system. With regard to the 
starting current, it is preferable to state this in amperes rather 
than in multiple of rated current since the latter method would 
tend^ to favor an inefScient motor. Starting devices are usually 
required on motors of 5 h.p. and larger where the installation 
consists of a single motor of this size. It is customary to require 
a power factor of not less than 80 per cent for full load condition 
of the motor. With low speed motors it is usual to change this 
requirement to 75 per cent. 

The above, of course, is designed to prevent serious fluctu¬ 
ations of lighting pressure when the motor is started and while 
it is in operation. A much larger fluctuation is permitted on 
motors which are started infrequently than on motors which 
must be started very often, such as for coffee mills, meat grinders, 
electric pianos, and the like. Such frequently started motors are 
often required to be wound for 220 volts when used on 3-wire 
systems, since the disturbing effect is then only one-fourth as 
great as at 110 volts. 

There is one other limitation or rather requirement which does 
not come under either of the two classes above mentioned and 
that is with respect to safety precautions in special cases. In 
this class comes the requirement now quite general for reverse 
phase relays and circuit breakers on elevator installations, cranes 
and the like. In general the Underwriters' rules cover this 
department quite fully. 

It is quite possible that practically all of the limitations placed 
on alternating-current motors in order to prevent serious voltage 
fluctuations may be discontinued in the near future. This is 
conditional on the use of a device invented by Mr. E. 0. Schweit¬ 
zer, of Chicago, which will automatically and instantly 
compensate on a lighting circuit for the voltage drop caused by 
motors connected to the same circuit. A description of this 
device appeared in the Electrical Review of February 6, 1915, 
together with a diagram of connections and its application to 
lighting and motor load. 
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Load Conditions Affecting the Selection of Motors 

Eric A. Lof: In many instances the economy of motor drive 
is not based so much on the saving in power as on the improved 
quality and the increased output of the manufactured product. 
These improvements have been made possible by a careful study 
of the load conditions of the different machines and by so select¬ 
ing the motors that their characteristics as well as capacity fully 
meet the load conditions involved. The use of recording instru¬ 
ments on motors temporarily installed permits the exact size 
of a motor required for the most efficient operation of any 
machine or group to be accurately predetermined. 

All machines should, of course, be run at their maximum 
economical speeds, and these speeds should be maintained under 
all conditions. This is a point often neglected, with the result 
that the output is in many instances seriously reduced. Certain 
products are, on the other hand, dependent on a varying speed 
for their quality, and care must be taken that the right motor 
is selected for such service. 
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Fig. 4—Duty Cycle of 20-Inch Bar Mill Motor 


The most ideal load condition would, of course, be that where 
the load was continuous and constant in value, and with no 
appreciable speed variation. Such cases are, however, strictly 
speaking, rarely if ever met in actual practise. The motor may 
be running continuously for weeks and even months, but the load 
usually varies more or less. Blowers, pumps, etc., are examples 
of^a continuous and fairly constant load. Certain machines of 
this class require a high starting torque and if this is not properly 
considered, the starting current may reach a value which would 
cause an excessive voltage drop, and this in turn would seriously 
affect the starting torque, and the motor may not be able to start 
the load at all. 

The load conditions may also be of a variable nature, in which 
more or less definite cycles are repeated, while the motor is run¬ 
ning continuously. Such loads may be irregular in the extreme 
due to the intermittent character of the process, such as rolling 
mills, etc.; Fig. 4. For this class of service, flywheels or motors 
of large flywheel effect are generally used for overcoming the 
peak loads and thereby reduce the maximum generator and 
motor capacity required for widely fluctuating loads. In such 
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cases means must be provided for automatically retarding the 
motor speeds when the peak loads come on, since the available 
energy taken from the flywheel depends on the drop in speed. 
This is accomplished by selecting compound-wound direct- 
ctmrent motors, high-slip or phase-wound induction motors, in 
which latter, resistance may be automatically inserted in the 
motor winding as the load comes on. 

On the other hand, the machinery to be driven may require 
a frequent starting and reversal with variable speed require- 
rnents and sometimes excessive starting torque. Such con¬ 
ditions can readily be met by motor drive, but the operating 
cycle must be very carefully studied and a motor selected whose 
characteristics will meet the conditions of the load. 

An example of a rather complicated operating cycle is that 
met with in pipe threading machinery, the accompanying curve. 
Fig. 5, showing the duty cycle for such an operation. The motor 



Fig. 5—Duty Cycle of Pipe Thre.-vding Machine 


is started at a, and accelerated up to a speed of 600 rev. 
per min., after which the facing operation for the threading 
begins. This operation terminates at point c when the motor 
is speeded up by means of a field relay to its highest speed of 
1200 rev. per min., and the rounding operation begins at 
point d and ends at e. Then the field is strengthened and the 
speed reduced to 400 rev. per min. for the threading, 
this operation from f to g requiring the longest time and the 
lowest speed. At point g the motor is stopped by dynamic 

braking and the operation is repeated when a new pipe has been 
inserted. 

It is of course, impossible to cover even a few of all the different 
conditions of load which are likely to be met in practise, and the 
above will simply serve to illustrate in a very general way what 
may be expected and to point out the necessity of carefully 
analyzing each individual case as certain points always enter 
which very seldom make two installations alike. 
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Refrigerating Machinery 

Geo. H. Jones: There are one or two points in electric_motor 
application that I should like to emphasize. The first, in con¬ 
nection with the type of motor selected when variable speed 
operation is required on direct-current circuits. We find many 
of the leading architects of the country seem to persist in speci¬ 
fying armature control motors for this class of work. ^ I refer 
particularly to motor driven ventilating fans s^nd refrigerating 
machinery. At certain seasons of the year it is desirable to 
operate these motors at considerably less than full speed, but 
this results in a very large loss in armature resistance. Field 
control motors should, of course, be used in this class of work, 
and a great deal of good can be accomplished if the American 

Institute will lay emphasis on this point. 

For a second item, I would like to call attention to a device 
developed by the Commonwealth Edison Co., Chicago, for 
the protection of electrically driven ice plants, against, first, 
motor burn-out if one phase of service becomes dead; second, 
against motor burn-out due to excessive overloads; third, against 
choking of motors due to temporary lowering of line pressure 
and, fourth, against the equalization of pressure on the two sides 
of the system in case of a shut down of service supply. This is 
accomplished by means of an electrically operated clapper valve 
which closes automatically on the interruption of service supply. 

In addition to the above an emergency switch is ppvided at 
the entrance door to engine room, by which the entire service 
supply can be readily cut off, should this be rendered desirable 
in case of trouble. 

This equipment has been installed in a number of the ice plants 
in Chicago, and is considered by the owners to be very advan¬ 
tageous. 

Selection of Motors from Point of View of Frequency, 

Voltage and Phases and the Influence of Variation 

AND Unbalancing of Same 

N. Currie, Jr.: The average buyer of motors has ordinarily 
little to say as to the frequency, voltage or phase of his motor 
applications. The central station supplies his district with lines 
of certain frequency and phase, and has established rules which 
govern the voltage to be used on certain sizes of motors, and 
which allow him to use any one phase of this system only under 
certain conditions. 

To the manufacturer or distributor of power, however, the 
question may arise as to what would be the voltage, frequency 
or phase of the power which would offer the cheapest distribution 
and which would be of greatest convenience and satisfaction to 
the motor user. This problem would, therefore, be considered 
by the central station and the isolated plant owner assuming 
that the use of direct current had been eliminated from the 
problem. 
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In any case, this delivered power should be such that standard 
motors might be used if possible, on account of lower costs and 
better deliveries and ease in securing supply parts. However, 
the majority of manufacturers have standardized a wide range 
of frequencies, voltages, and one- two- and three-phase motors 
so that usually the choice resolves into a selection from these 
standard lines. 

FREQUENCY 

As the speed of an a-c. motor with shunt characteristics (as 
distinguished from series characteristics) depends on the number 
of poles of the motor, the range of practical speeds, or more 
properly, the steps of practical speeds which can be secured, 
increase with increase in frequency. For instance, the 25-cycle 
motor is ordinarily furnished in speeds of 500, 750 and 1500 
rev. per min., the 40-cycle motor in speeds of 600, 800, 
1200 and 2400 rev. per min., the 60-cycle motor in speeds 
of 600, 720, 900, 1200, 1800 and 3600 rev. per min. There¬ 
fore, from this standpoint the higher frequency motor is 
desirable, although as a rule the above objections to low- 
frequency motors can be overcome by properly .proportioned 
pulleys. However, the design of the high-frequency motor has 
inherent limitations which make it more expensive and inferior 
in characteristics to the moderate-frequency motor. . Low-fre¬ 
quency motors, in addition to the limitations in speed steps, are 
also inherently more expensive from design standpoint. There¬ 
fore, motors of moderate frequency, i.e., 50 or 60 cycles, are 
preferable for the average customer, both as to original cost and 
flexibility of speed steps and superiority in operating character¬ 
istics. 

PHASES 

Single-Phase vs. Polyphase. As has often been demonstrated, 
the three-wire general distribution system is superior to the single¬ 
phase system, and to the four-wire, two-phase system, both 
as to cost of copper and cost of installation. However, in cer¬ 
tain cases the total cost of installation of a single-phase section 
may prove cheaper than the three-wire system. 

The single-phase motor is in itself inherently larger and more 
expensive than the polyphase motor. However, where it is 
necessary to supply power for comparatively small loads, it may 
be found that the over-all cost of installation of the polyphase 
motor, with its transformers and three lines of secondary copper, 
etc., may exceed that of the single-phase motor with its single 
transformer and two lines of copper. Calculation will easily 
show the comparative costs for any given case. 

Two-vs. Three-Phase. The amount of copper required for a 
two-phase, three-wire, or for a three-phase system is approxi¬ 
mately the same; while the copper required for a four-wire, two- 
phase, is somewhat greater. Obviously, the installation cost 
of the four-wire two-phase line would be greater than that of 
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the three-wire system. One of the greatest differences in the 
cost of installation of two- or three-phase lines would be the cost 
of the transformers; the three-phase line requiring three trans¬ 
formers, and the two-phase line, two transformers. 

The three-phase line, however, offers one big advantage and 
that is the possibility of using multipolar or multi-speed motors 
which give adjustable speed characteristics in speed steps 
depending on the number of poles. This is not possible on two- 
phase motors. This objection may be overcome, however, by 
use of various types of adjustable-speed motors which are now 
appearing on the market and which will give adjustable speed 
on one- two- or three-phase lines. 

^ The installation of the three-phase motor is slightly more 
simple than the two-phase motor for the reason that the direction 
of rotation is the only consideration in connecting up the motor 
leads, while on the two-phase motors not only must the phases 
be properly separated, but on three-wire systems there is danger 
of applying high voltage across the motor windings, with resulting 
burn-outs. This may seem a minor point but it will be actually 
found to be the cause of many burn-outs per year. 

While performance characteristics on two- and three-phase 
motors do not differ materially, they are, however, slightly in 
favor of the three-phase motor as to power factor and efficiency. 

VOLTAGE 

Transformer ratios make.^ any motor voltage possible. A 
moderate voltage, i.e., 220 to 550, is preferable as a low voltage 
means larger secondary copper and a high voltage introduces 
insulation difficulties both in the distribution lines and in the 
motor itself. In the high-voltage motor, repairs to windings 
are more difficult and installation difficulties and troubles due 
to breakdown are increased. 

The high-voltage motor is more expensive, due to increased 
insulation, and it often has characteristics inferior to the mod¬ 
erate voltage motor, due to sacrifice of active-material space to 
insulation space. The cost of motor starters or compensators 
with no-voltage or overload release features is ordinarily higher 
for the high-voltage equipment. 

This whole problem is largely influenced, however, by local 
conditions and the size of the motor, or motors, involved. 

INFLUENCE OF VARIATION AND UNBALANCING OF FREQUENCIES, 

VOLTAGES AND PHASES 

Standard motors are usually guaranteed by the manufacturer 
to operate satisfactorily on lines which vary a certain percentage 
in voltage and frequency from the name-plate stamping. The 
variation covered by this guarantee takes care of the variations 
ordinarily found in the power delivered to the motor. 

however, certain changes in motor characteristics 
which occur, due to changes in frequency and voltage. If the 
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motor is properly laid out, that is, laid out so that it operates 
at best efficiency under normal conditions of voltage and fre¬ 
quency,^ when there is a change from these normal conditions 
there will be a loss in efficiency, unless there is a corresponding 
change in the other variable to restore original values. 

For instance, a drop in frequency means increased density of 
field, with lowered efficiency and increased heating. If, however, 
there is a corresponding drop in voltage, the motor will operate 
under normal density but with a decrease in output proportioned 
to the decrease in speed which follows the frequency. 

An illustration of this is the satisfactory application of, say, 
220-volt, 60-cycle motors to 200-volt, 50-cycle lines with 90 per 
cent rating. 

The ordinary slight unbalancing of voltages across phases has 
little effect on the operation of the motor. This unbalancing 
at the most is but a few per cent and although it may result in 
slightly excess current through one phase of the motor winding, 
any additional heating would be properly distributed and taken 
care of by the motor. There would be some loss in efficiency, 
but this would be slight. 

SUMMARY 

Motors of standard voltage, frequency and phase should be 
selected. They should be of moderate voltage and of moderate 
frequency. Polyphase motors should ordinarily be used, but 
single-phase motors are preferable in certain cases. Three-phase 
motors have certain advantages over two-phase. 

Due to the liberality in the design of the average American 
motor, ordinary variations of voltage and frequency do not 
seriously affect motor operation or characteristics. 

Alternating vs. Direct Current prom the Standpoint of 
OP THE Sub-Central Station, in Connection with Supplying 
Power to Manufacturing Industries 

S. D. Sprong: The first consideration is the demand of the 
largest single customer to be supplied, as this point decides the 
class, which may roughly be defined as retail or wholesale; the 
former being within the scope of what is generally called dis¬ 
tribution and the latter falling into the class of transmission. 
There is another essential difference in this classification besides 
size of demand, which is, that transmission assumes no lighting 
(unless especially provided for) and therefore considerable 
latitude in regulation, whereas distribution is especially for the 
lighting customer and only permissible for the supply of power 
to those customers who keep the characteristics of their apparatus 
and the extent of sudden demand within such limits as not to 
affect regulation materially. 

It is general practise in a-c. distribution to set the limit of 
capacity of one feeder somewhere between 400 and 800 kw., 
which limitation automatically defines the line between the 
largest customer that may be taken on the distribution system 
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and the point where, for larger demands, they must be supplied 
as transmission customers. There are very evident advantages 
in carrying the fee-der load limit rather high, but there are also 
numerous disadvantages which, while not so evident, are at the 
same time of equal or often greater importance. Some of the 
advantages of large feeder capacity are less unit cost in switch¬ 
board and regulating equipment; less pole or duct space oc¬ 
cupied; a higher limit as to the maximum single customer that 
can be supplied, and a somewhat wider diversity factor as 
between classes of power business and therefore regulation. 
Among the disadvantages are the wider area of territory covered 
and, therefore, dependent upon one feeder in case of interruption; 
the longer runs of primary mains from the center of distribution, 
which influence regulation because of the impossibility of regu¬ 
lating primary mains individually; therefore, they must be 
correspondingly large so as to reduce to a very low limit the 
voltage losses at maximum load. The requirements of regulation 
are somewhat dependent on the character of territory served, but 
a strong tendency in the industry as a whole is toward closer 
regulation, due partly to the character of services and devices 
s^ppli^d from the system, and the growth of the section both 
in extent and character. 


Generally speaking, it is desirable to limit the size of the maxi¬ 
mum of a single^ customer on a feeder to 50 per cent of the feeder 
load. While this is an arbitrary figure and therefore there must 
be exceptions, it is a convenient one in practise principally 
because customers of the larger capacities sometimes require 
reserve service from another feeder; consequently if the indi¬ 
vidual demand much exceeds half the feeder capacity and it is 
found necessary to throw it on a reserve feeder which is already 
carrying probably three-quarter load, it would be incapable of 
carrying a larger percentage of extra demand than that given. 
One of the exceptions to this rule, applied where it is impracticable 
to give direct transmission service, is to run a number of duplicate 
feeders of standard size to the particular customer. Standard 
equipment is used, at the same time insuring continuity of 
service to nearly full capacity because of the multiple feeders. 

Considmng briefly sorae of the principal systems of primary 
a-c. distribution that are in general use, there are the three-wire 
two-phase, the four-wire two-phase, the three-wire three-phase 
and the four- wire three-phase. With the exception of the three- 
wire ree phase, which has special difficulties in independent 
phase regulation and is nearly obsolete, the other three systems 

their practicability and are in wide general use. 
i-nA due either to radical changes to be made 

n the method of distribution or the development of new districts, 
pemit of free choice of systems, it, would seem that for a given 
potential between lines, the four-wire two-phase should give all- 

has the advantage of simplicity, com¬ 
plete independence of its phases and therefore no difficulty in 
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independent phase regulation, greater facility for keeping phase 
balance as there are but two phases to be considered, and, par¬ 
ticularly in large lighting installations, the load needs to be 
divided into but two parts. The three-wire two-phase system 
is essentially a single-phase system so far as the lighting load is 
concerned. In the case of the four-wire three-phase there is the 
problem of maintaining approximate division of load between 
the three phases, which in large lighting installations is more 
difficult, and the further objection that the integrity of three 
otherwise independent single phases is dependent on one (the 
center) conductor. 

^ In_a few systems, it is general practise to install independent 
lighting and power transformers; this custom having probably 
developed from the difficulty of controlling either the size, due 
to the limitations of what the manufacturers offered, or charac¬ 
teristics of the motors, especially for elevators. While this 
arrangement has certain advantages, such as permitting a wider 
latitude in the requirements in motor specifications and other" 
power consuming devices, it is on the whole questionable whether 
it is ^justified. It is, speaking relatively, just as important to have 
a high load factor on the distributing transformers as on any 
other part of the system. With combined light and power loads 
the average transformer load factor probably is not better than 
12^per cent to 15 per cent, therefore, it will be seen how important 
it is that nothing be done to reduce this figure still further, which 
will be the result where lighting and power loads are carried on 
independent transformers. It seems much better general 
practise to keep both kinds of load on the same secondary sys¬ 
tem, making the latter a heavy network where practicable and 
so lirhiting the size and character of motor installations as not to 
interfere seriously with regulation. In most systems there is 
a large field for improvement along the line just referred to, 
that of increasing the load factor on transformers and at the same 
time the general service conditions of regulation, continuity, etc., 
by the substitution of fewer *and larger transformers inter¬ 
connected by heavy network and protected in turn against gen¬ 
eral shut-down due to transformer failures by suitable devices. 

Considering the problems of supply of power from the trans¬ 
mission system, these are generally of a more or less special 
character and therefore no particular set of conditions can be 
taken as typical. On'e consideration usually applies to all, and 
that is, not to lead the customer to expect, nor permit him so 
to design his own installation as to require, retail regulation 
from a wholesale service. This class of customer does not al¬ 
ways appreciate that there is such a distinction between a large 
and small service, and its lack of consideration at the time the 
contract is negotiated may some time later bring up troublesome 
problems of voltage or speed regulation. 

On the problem of supplying power from a d-c. system, there 
is not so much to be said nor so many debatable questions to^be 
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considered. It may be assumed that where a new territory is 
expected to develop a relatively scattered industrial load a 
d-c. system would not be selected, also that where certain dis¬ 
tricts in an already built-up territory develop heavy industrial 
demands, a second system especially for miscellaneous power 
distribution would not be installed. For it is safe to say that 
any district which orginally justified an underground d-c. system 
would have been of such a promising character financially that 
the unexpected development of unusual industrial demands could 
readily be met by additions to the existing equipment. Experi¬ 
ence in the d-c. areas of the larger cities has fully demonstrated 
that any demands within their territory can be properly met 
from the direct-current system, with the occasional exception 
of special processes or the unusual demands that far exceed the 
practical limits of either the d-c. or a-c. distribution systems, 
and which naturally fall into the class of transmission customers. 

From an engineering point of view, there is practically no 
limit to the amount of power that can be commercially taken 
care of by the d-c. system; but as a practical matter, the questions 
of unusual demand generally answer themselves by the instal¬ 
lation of a local substation on the property where the require¬ 
ments exceed 1000 to 2000 kw. A customer requiring such large 
power supply for industrial purposes is at the same time provided 
with an engineering force that can properly care for and operate 
the necessary substation equipment, thus avoiding the con¬ 
gestion of subways in the vicinity of the property which would 
result from taking so much power at the usual three-wire distribu¬ 
tion voltage. 

To sum up, it appears that a broad analysis of the particular 
problem to be met will evolve its own general answer, but still 
with sufficient latitude as to require the application of sound 
judgment and the knowledge gathered from actual experience. 

The Factors Involved in Motor Application, from the 
Standpoint of Central Station Companies 

R. M. Wilson: The chief factors in which the central sta¬ 
tion companies are directly interested, in supplying service to 
motors, are as follows: 

Starting current and starting conditions. 

Power factor of the load. 

Fluctuations of load, 

Size of units, 

Starting devices. 

Type and voltage of motor, and 
Hours of service. 

It is necessary to hmit the starting current taken by motors 
as a protection to the station equipment and to the service of 
other customers supplied from the same circuit. Where the 
starting current is excessive it follows that service of other 
customers on the line will be seriously affected, which, besides 
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causing a good deal of trouble, in the way of fuses blowing out, 
strain on transformer, etc., necessarily means that continual 
complaints will be received from customers, due to annoyance 
and interference with their business owing to frequent stopping 
of their motors caused by heavy drop on the line. Conditions 
of this kind would naturally be a bad advertisement for a central 
station company and very often might lead to the losing of a 
considerable amount of good business by customers so affected. 
The demand on central station oil circuit breakers and other 
equipment is of course seriously affected in the case of troubles 
due to heavy starting current of more or less large power users. 

Coupled with the starting current can also be included the 
class of service, that is to say, whether the load is a fluctuating 
one or a fairly steady one. Motors which are starting and 
stopping frequently and motors having a fluctuating load are 
undesirable from the point of view that excessive amounts of in¬ 
vestment in lines and transformer capacity are required to 
minimize conditions of this kind, and to protect, as far as pos¬ 
sible, the service of other customers supplied from the same 
mains. The above conditions are more pronounced, and there¬ 
fore more serious, the larger the units. 

The question of power factor is of importance in connection 
with the drop and line losses and relatively higher capital ex¬ 
penditure if the power factor is low. 

Where a system comprises a large‘percentage of power busi¬ 
ness with low power factor, due to unrestricted conditions of 
the customers’ equipment in this respect, it even becomes neces¬ 
sary to install synchronous converters to raise the power factor 
of the system as a whole. 

Motors of the squirrel cage type give a lot of trouble to 
central station companies, due to the' relatively high starting 
current taken, particularly if the units be large. Wire-wound 
rotors are very much more preferable in motors of more or less 
large capacity, from the central station point of view. 

The size of units is of importance, inasmuch as the question 
of capital investment to supply service to them is of course 
involved. Where motors exceed a certain size, depending 
on their location relative to the nearest substation, it becomes 
necessary to provide special circuits for the sole supply of such 
service. The size of the units prohibits the load being taken 
on the nearest available feeders. The benefit of diversity factor 
of load which is obtained where feeders supply a number of cus¬ 
tomers with relatively small size motors is less in such cases. 
The capital investment then has to be all charged against that 
particular service which it supplies. The question of voltage 
of the supply feeder has to be considered in these cases, and the 
economical point of the line investment is the governing feature 
as to whether such service is to be supplied at the usual distri¬ 
bution voltage of 2200, or higher voltages, usually not exceed¬ 
ing 13,000 volts. There are exceptions, of course, in the case of 
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very large blocks of power which are sometimes tapped directly 
off high-tension transmission lines when available. It is in¬ 
advisable on general principles to go. beyond the 2200-volt limit 
in city distribution, unless the expense of this voltage would 
be absolutely prohibitive. In outlying territory and suburban 
districts where the amount of load to be provided for involves 
special provision, it is usually more economical to supply at 
13,000 volts. 

The question of the voltage of motors, themselves, is largely 
governed by the size of the units. On some systems the stand¬ 
ard voltage for polyphase motors is 550 volts. For units of 100 
h.p. and over it is found more economical to endeavor to have 
the motors wound for 2200 volts. Where the number and size 
of transformers required for a motor load are such that their 
installation on poles is difficult, a fireproof transformer house 
with oil circuit breakers and disconnecting switches mounted 
on marble panels becomes necessary. This is an item of ex¬ 
pense which has to be considered in contract price for the supply 
of power. 

Another feature in the question of rates for power in more or 
less large blocks, particularly where the service is of consider¬ 
able importance, is that of having a standby service available 
so that two sources of supply are provided from two separate 
circuits. Where the load warrants this and where the expense 
is not prohibitive it is a good policy to adopt such service, inas¬ 
much as the continuity of service to a large installation of this 
nature is not only imperative to the customers and to the ful¬ 
filment of the contract, but is probably the best advertisement 
that a central station company could have. Where service is 
supplied from high-tension lines, that is to say from 5000 volts 
upwards, a double service of this nature is practically imperative, 
inasmuch as the necessity for line repairs and other work to be 
carried out necessitates the shutting down of a line. This is 
difficult of accomplishment without two services, as it is en¬ 
tirely likely that it cannot be arranged to interrupt the service 
of large power customers for sufficient length of time to carry 
out the work. 

In supply of large blocks of power it is usual to endeavor to 
supply some on a limited service basis. That is to say that 
the whole or a certain percentage of the load will be off during 
peak load period, say from 4.30 to 6 p.m. during the period from 
Nov. 15th to March 1st. The advantages of special circuits 
to installations served on limited service basis on more or less 
large blocks of power are obvious, as a check on the fulfilment 
of contract conditions in this respect. 

Considerable trouble has been experienced with motors oper¬ 
ating a certain class of service, for example, motors operating 
refrigerating machines, air compressors, pumping with auto¬ 
matic starting devices, etc. 

In two instances where motors were driving refrigerating 
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machines, a serious disturbance occurred on the system from 
pulsating, causing the lights to flicker. It was found that this 
flickering took place more particularly on a certain step of the 
controller. ^ Ultimately it was necessary to provide additional 
special resistances to overcome the difficulty. The apparent 
cause of the rapid fluctuation, noticeable on the lights supplied 
from^ the same feeder circuit was difficult to determine, but 
seemingly was due to something peculiar to this type of appa¬ 
ratus. The effect was as if the motor tended to reverse at cer¬ 
tain periods of the stroke of the compressor or refrigerator ma¬ 
chine. 

Difficulties experienced with motors driving automatic pumps' 
are frequently met with, particularly where the motors are 
of fairly large size, and, of course, the resultant effect on the 
distribution system is intensified the longer the feeder circuit. 
Even by greatly increasing the capacity of the line at consider¬ 
able expense it is often found difficult, in fact practically im¬ 
possible, to overcome disturbing effects caused by service of this 
kind. 

Where a large amount of power service is supplied from an 
extensive overhead system, which is perhaps feeding from 
several generating stations, and particularly where distribution 
circuits are subject to transfer from one source of supply to an¬ 
other in the course of load despatching, it is most advisable to 
endeavor to have customers’ motors equipped with no-voltage 
and overload releases. Otherwise the blowing of fuses, and 
sometimes the burning out of the customers’ motors, is a 
frequent occurrence. 

It is most advisable to insist on having starting compensators 
on all motors of 5 h.p. and larger. 

It is not advisable to have single-phase motors connected 
to the lighting circuits in larger sizes than 5 h.p. It is not ad¬ 
visable on account of the capital expenditure involved in the 
furnishing of transformers, etc., to contract for supplying poly¬ 
phase motors less than 5 h.p. 

It is difficult to insist on and obtain all the conditions 
that one would like from the central station point of view when 
contracting for supply of power to customer. This is particu¬ 
larly the case where there is competition for such service, yet 
it is essential for successful operation that central station com¬ 
panies should insist on certain conditions being observed. It is 
advisable where competition is to be met that for their own 
protection, central station companies supplying service in the 
same locality arrive at an understanding of these conditions 
between themselves, and insist on them when securing power 
business. 

It is advisable that the special conditions, features and regu¬ 
lations which central station companies desire be embodied in 
the contract made with the power user and be specifically covered 
by clauses of such contract. 
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Clauses in contracts for power should cover power factor which 
the company desires; the starting current of the motors; the 
conditions of operation, as affecting the company’s system, both 
as to the frequent starting and stopping of motors and fluctuation 
of load; the voltage of motors, depending on the size; the type 
of motor, whether squirrel cage or wire-wound, depending on 
size; the provision for transformer house to be built by ^ the 
customer where such is needed, and the protective devices, 
starting devices, relays, etc., which may be deemed advisable. 

The power factor of individual motors or the power factor 
of the aggregate load should never fall below 80 per cent and on 
larger units should be higher in proportion, commonly reaching 
92 per cent. 

Where the power factor falls below that specified in the con¬ 
tract, power should be charged for pro rata on a power factor 
basis. 

The starting current of the motor should be limited to 2^/^ 
times full load current of the motor. Motors of 100 h.p. and 
over should be of the wound-rotor type and should operate at 
2200 volts. 

Services from which disturbance on the system may be 
expected, such as automatic pumps, air compressors, refrigerators, 
rolling mills, cranes, etc., should be covered by special clauses, 
so as to limit the disturbance, and to call for special devices or 
method of operation to insure this end. It is preferable to lose 
the business rather than to contract for a service that will in¬ 
troduce a disturbance on the system, which will make the service 
to other customers unsatisfactory and from which continued 
complaints might be expected. 
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THE FLOW OF ENERGY 


BY ROBERT A. PHILIP 


Abstract of Paper 

A new graphical method of representing the flow of energy 
is described and pictures are drawn showing the functions of 
generators, motors, transformers, transmission lines and other 
parts of an electric distributing system in terms of the flow of 
energy through them. 

The method is based on using two ribbons; one to represent 
the flow of energy proper, and the other (not used for direct 
currents) representing the magnetizing power. It is shown that 
various phenomena of alternating-current transmission are 
determined by the widths and directions of the two ribbons. 

The principal elements of the picture (generators, synchron¬ 
ous motors, induction motors, etc.) are taken up one by pne and 
in simple combinations, each case being illustrated by typical 
figures. 

T he flow of a material fluid, such as water or air, through 
the pipes which transmit it may be shown as a ribbon whose 
varying width represents the variations of the current. 

A similar picture may be drawn of the transmission of power. 
It is, however, more exact to consider that it is energy rather 
than power which is being transmitted because power means 
a flow of energy. The relation between power and energy is 
similar to that between a current of water and the water itself. 
That is, power is a name for a current of energy. 

Energy, like matter, can be transported or changed in form 
but can be neither created nor destroyed. Therefore in the 
distribution of energy, as in the distribution of a material fluid, 
the total quantity supplied to the distributing system, plus or 
minus storage in the system itself , must at every instant equal 
the quantity delivered, including leakage. This fundamental 
similarity allows a distribution of energy to be pictured as though 
it were a distribution of matter. 

Fig. 1 is a picture, on this basis, of the flow of energy into, 
through and out of a rotating shaft. Along the route of the 
shaft a ribbon is drawn, the width of the ribbon at each point 
being proportional to the flow of energy, that is, the power, at 
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that point. Evidently, if there is no storage in the shaft the 
width of the ribbon can only increase at points where energy 
flows in and only decrease where it flows out, and a change in 
width of the ribbon representing the main stream of energy 
must be exactly equal to the width of a branch at that point. 
The flow of energy may be measured in any convenient unit, 
horse power, foot-pounds per second or kilowatts, and the width 
of the ribbon may be drawn to any desired scale. At each point 
the flow has two elements, amount and.direction, the former being 
represented by the width of the ribbon and the latter indicated 
by arrows marked on the ribbon. 

This first illustration is based on the transmission of energy 

WnOWfNG INFLOW NS 
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Fig. 1—Flow of Energy through a Shaft 


through a rotating shaft where the energy comes, in and goes 
out over moving belts and is lost in bearing friction. A similar 
illustration may be used for the hydraulic and pneumatic trans¬ 
mission of energy by currents of water and of air and for the 
electric transmission by electric current. 

The picture drawn is a general one and may be used to repre¬ 
sent the transmission of any kind of energy in any manner. 

Energy may be transmitted in one form, transformed and 
transmitted further in another form and the several trans¬ 
missions may be grouped together to form a single picture. 

Pig. 2 shows energy transmitted thermally from a steam 
boiler through a steam pipe to an engine, thence mechanically 
through a belt to a dynamo and finally electrically to a motor. 
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The dimmution of the stream of energy is indicated as due 
to separate thermal and mechanical losses of transformation in 
the engine, mechanical losses in the belt, combined mechanical 
and electrical losses of transformation in the dynamo and 
electrical losses in the wires. 

The picture may be extended by tracing each branch forward 
or back to its furthest ascertainable end and it may be am¬ 
plified by analyzing the losses into more elementary streams 
and by tracing the flow in greater detail; showing, say, the 
flow of energy through the reciprocating parts of the engine 
on its way from the steam pipe to the belt. 

SCALES 

ElectricBl «- . i 

Mechanical h.p. ■ Morse-Power 

Thermal ■? aXUpermin] ^42.4 BXU. per min. 


(Eledrical Units 834 139 126 120 I/O tOO Kthwaiis 

Power) }uechanica/Units mo I8S 168 160 Horse-Power 

{.ThermalUrtits47 too 7800 B.T.U.per rnin. 



Fig. 2—Thermal, Mechanical and Electrical Transmission 

While this is a general method of picturing the transmission 
of power, it is especially useful in illustrating the meaning of 
terms used in electrical power transmission by alternating 
currents, such as wattless current, synchronous condenser and 
induction generator, therefore the electrical use of the method 
will be chosen for amplification, although it will be indicated 
that the same things may be found in mechanical transmission. 

The Direct-Current Generator and Motor 

In Fig. 3 the varying widths and directions of the ribbon of 
energy flow show the operating characteristics of generators and 
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motors. The width of the outgoing energy stream is of course 
exactly proportional to the load, but is electrical power from a 
generator and mechanical power from a motor. The width 
of the loss stream is a maximum at full load and decreases slightly 
down to a minimum at no load. The input stream is exactly 
equal to the output stream plus the loss stream; that is, the losses 
are necessarily drawn from the inflow, so are supplied mechani¬ 
cally for a generator and electrically for a motor. The main 
current of energy tapers down as it passes through the machine. 
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Mofor Battery 

'Direct-Current Generator and Motor Operation at 

Varying Loads 


The efficiency is equal to the outflow divided by the inflow. 
The illustration shows clearly one important point: the efficiency 
increases from no load to full load not because of a decrease in 
losses but in spite of an increase in losses. 

The series of pictures may be considered as a moving picture 
film of the operation of a direct-current generator. It is first 
running in multiple with other sources of electric power and 
carrying full load. The operator turns the rheostat handle in¬ 
creasing the resistance of the field circuit and the outflow drops 
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perhaps to half load; he turns the handle further and the outflow 
drops to zero, the reduced load on the engine being indicated 
by showing the engine as proportionally smaller. If the operator 
continues to turn in resistance the flow of electric power reverses. 
There is here a narrow transition stage where the losses, which 
are now at a minimum, are supplied both mechanically and elec¬ 
trically. When further resistance is turned in, the mechanical 
power also reverses and operation as a motor follows at no-load, 
fractional load, full load and overload in succeSwSive steps. 

The series illustrates the meaning of the terms generator and 
motor. They describe not the construction of an electric ma- 
chine but the two ways of using it. The electric machine is 
reversible in function. It is a generator only so long as the 
outflowing energy is electrical and a motor so long as it is me¬ 
chanical. When it is known whether a machine is operating as 
a generator or as a motor tv^o elements of the ribbon picture have 
been determined. First, which way the arrows of flow should 
point, and second, as a consequence of this, which way the main 
flow tapers off. 

Transmitting Medium 

While a current of energy may be transmitted by using a 
current of water or a current of electricity the energy itself is 
neither water nor electricity. The water or electricity is but 
a medium of transmission. Similarly, the motion which consti¬ 
tutes the flow of the water or other medium is not the motion 
which constitutes the flow of energy. The medium may be, 
and often is, used over and over again. The moving belt 
goes forward on the slack side and returns to the driving pulley 
on the tight side; the water goes out in the pressure pipe, leaves 
the engine through the exhaust pipe and may return to the 
pump through the suction pipe; the electricity goes out on the 
positive wire and returns to the generator on the negative wire. 
Just as much belt, water or electricity comes back as’goes^out, 
but the transmitted energy moves forward only. In fact the 
direction in which the belt, water or electricity moves can be 
reversed without reversing the direction in which energy Is 
transmitted, or vice versa. 

Therefore, if energy is transmitted by a flow of water or of 
electricity a picture of the flow of energy will not be at all iden¬ 
tical with a picture of the flow of the transmitting medium, even 
though the same principles may be used in representing each 
kind of flow. 
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It will be understood that a representation of a flow of elec¬ 
trical energy is not at all a representation of a flow of electricity. 

That the motion of energy and the motion of the transmitting 
medium are practically independent is also shown by the fact 
that shafts, belts, water and electricity may be in active motion 
and yet transmit no power , and that the same mediums may trans¬ 
mit more power at times when they move slowly than when they 
move rapidly. 

This is because the mediums transmit no power unless they 
move under pressure or tension. Power, whether mechanical 
or electrical, is considered as consisting of two equally important 
components, one of motion and one of pressure. The amount 
of power is the product of the two components. For hydraulic 
transmission the power in foot-pounds per second is the product 
of the flow in cubic feet of water per second by the pressure in 
pounds per square foot, and similarly, for electric transmission, 
the power in watts is the product of the current of electricity 
in amperes by the electrical pressure (potential) in volts. 

Alternating Currents 

Where power is transmitted mechanically by shafts, belts or 
fluids, or electrically by direct currents, the motion and pressure 
each has its own fixed direction. However, power is also trans¬ 
mitted both mechanically and electrically by motions and pres¬ 
sures which alternate in direction periodically. The pistons, 
piston rods, connecting rods and other reciprocating parts of 
a steam engine transmit mechanical power by virtue of their 
motion although this motion alternates in direction instead of 
being uniformly forward. In these cases it is important to note 
that the pressure as well as the motion also alternates. The 
pressure is on one side of the piston on the forward stroke and 
on the other side on the backward stroke. 

Energy is the product of motion and pressure, therefore, if 
motion and pressure both reverse, the flow of energy i@ not 
reversed, on the principle that the product of two negatives makes 
a positive. The reversal of the motion of the reciprocating parts 
of a steam engine does not reverse the motion of the energy which 
flows forward from steam pipe to shaft during the backward as 
well as forward stroke. 

With uniform motion or flow the amount of energy trans¬ 
mitted is equal to the product of the motion by the pressure. 
The same formula holds for reciprocating motion and alternating 
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provided, it is understood that by motion and pressure are 
meant mean motion and mean pressure. The mean is found 
by squaring the instantaneous values of the quantities, averaging 
these squares over a complete cycle and extracting the square 
root. 

The transmission of power by electric current which alternates 
in its direction follows the same principle as the transmission by 
reciprocating mechanical motion, namely, the reversal of the 
direction of the electric current does not reverse the flow of 
energy, because the pressure is simultaneously reversed. An 
alternating current of electricity, or of water for that matter, 
will transmit just the same amount of power as a direct current 
of the same mean magnitude, at the same mean pressure, pro¬ 
vided, however, that the current and potential reverse at exactly 
the same time. 

When the motion and pressure reverse simultaneously they are 
said to be in phase. Alternating motions or currents when in 
phase with their corresponding alternating pressures are practi¬ 
cally equivalent to uniform motions or direct currents for the 
transmission of power. 

Under these conditions the ribbon picture of power may be 
used for alternating-current transmission. However, it is to 
be remembered that the flow represented is not the instantaneous 
flow, which fluctuates, but the mean flow over one or more com¬ 
plete cycles. 

Accelerating Power 

It may happen that while the motion and pressure are both 
reciprocating or alternating, and at the same rate, they fail to 
reverse simultaneously. 

The difference in time of reversal may be very small, but it can¬ 
not be greater than a quarter of a cycle. When motion and 
pressure reverse a quarter of a cycle apart, any further change 
in either direction brings the times of reversal closer together. 
For example, two cranks on the same shaft have their respective 
dead points as far apart as possible when set, like the cranks of 
a locomotive, a quarter of a revolution apart. Motion and 
pressure are then said to be in quadrature and each reverses 

when the' other is at a maximum. 

Under these conditions motion and pressure, instead of being 
positive and negative simultaneously, thereby always giving 
a positive product, are of the same sign but half the time, so 
that their product is half the time positive and half negative. 
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This change in sign of the product, that is, of the power, indicates 
a reversal of its direction of flow. Where motion and pressure 
are in quadrature the energy flows forward and backward instead 
of moving uniformly forward. The average of the forward 
and backward flow is zero, so that such an alternating flow of 
energy does not -constitute a transmission of power in the or¬ 
dinary sense. 

The phenomenon of motion and pressure in quadrature occurs 
wherever a mass moves with a reciprocating motion. The motion 
is that of the mass, and the pressure that required to accelerate it. 
The power corresponding to their joint effect may be called 
accelerating power. 

The power transmitted by reciprocating motion is equal to 
the product of the mean velocity and mean pressure when motion 
and pressure are in phase. The rule may be extended to apply 
to accelerating power. 

The product of the mean velocity by the mean pressure, where 
motion and pressure are in quadrature, is an amount of power 
equal to the maximum value which the accelerating power at¬ 
tains during a cycle. The momentary flow at all times is pro¬ 
portional to this maximum. As the flow alternates in direction, 
giving an average value over the cycle of zero, it is convenient 
to use the maximum value as a measure of the flow where con¬ 
sidering it in connection with the associated flow of energy over 
one or more complete cycles. 

For reciprocating motion, the product of mean velocity by 
mean pressure is the transmitted power if the two quantities 
are in phase, but is the- accelerating power if they are in quad¬ 
rature. 

Accelerating power is evidently always necessary where re¬ 
ciprocating motion is maintained. On the whole the accelerating 
power neither adds to, nor substracts from, the true power 
transmitted. It may exist where there is no true power trans¬ 
mitted, and for a given amount of true power the accelerating 
power may be greater or less. Finally it may be said that ac¬ 
celerating power is a peculiar form of power fundamental to re- 
ciprocating motion and that it may be considered as transmitted 
independently of the true power and according to its own laws. 

The steam engine, containing reciprocating parts, furnishes 
an example of the transmission of accelerating power. 

Consider a steam engine with steam shut off and running due 
to the momentum of the flywheel. Aside from any effects of 
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friction or of compression in the cylinder, the reciprocating 
parts, the piston for example, must be accelerated from rest 
to a maximum velocity, then retarded (accelerated negatively) 
and brought to rest again in each stroke. These accelerations 
require forces which must be transmitted to the piston from 
the flywheel through the intervening parts, such as the piston 
rod, as pressures (or tensions, which are negative pressures). 
The reciprocating parts are therefore transmitting accelerating 
pressures and at the same time are in active motion. However, 
it will be found that the motion of the rod reverses at the time 
when the pressure in it is a maximum and that the pressure 
reverses when the velocity is a maximum. That is, motion 

and pressiure are in quadrature. 

The flywheel is giving out power and accelerating the piston 

during half the time and during the other half the process is 
reversed. It may be said that the flywheel and the piston are 
interchanging accelerating power which alternates in direction. 

At the instant that the reciprocating parts are passing their 
dead point the flywheel has a maximum velocity which is the 
same as though it were running freely unconnected to the re¬ 
ciprocating parts. At all other times the velocity of the flywheel 
is more or less reduced. Consequently, if reciprocating parts are 
connected to a flywheel previously running freely the number of 
revolutions. per minute will thereby be reduced. 

The flywheel contains a store of energy by virtue of its ve¬ 
locity. This reduction in the mean velocity results in a cor¬ 
responding reduction in the average energy stored in the flywheel, 
but on the other hand the reciprocating parts acquire an equal 
amount of average energy due to their mean velocity. 

sFrom this point of view it may be said that the reciprocating 
parts have been energized at the expense of the flywheel, which 
has been deenergized. The total stored energy of the system 
has not been changed but it has been redistributed. 

In a steam engine, whether a simple engine with a single 
cylinder and crank, or a compound engine with several cranks, the 
motion of all the reciprocating parts, pistons, piston rods, con- 
■neotine’ rods, valves, valve rods, and eccentric rods, is in propor- 
w rSile angdai velocity, the speed of revolution of a. 
engine. The distribution of accelerating power in one engine 
may form a complex system, all, however, based on a single angular 
velocity. In this respect it is similar to an alternating-current 
distributing system, which, however large, has a single frequency. 
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Where the mean angular velocity is constant the energizing of 
the reciprocating parts and the de-energizing of the rotating parts 
is directly proportional to the amount of accelerating power which 
flows. For example, if the weight of a reciprocating part is 
doubled, the energy it contains and the accelerating power it 
receives are both doubled, while if the stroke is doubled the 
energy and accelerating power are each quadrupled. At con¬ 
stant angular velocity, the amount of accelerating power may 
be used as a measure of the transfer of energy, and it may be 
said that each reciprocating part takes a flow of accelerating 
power proportional to the amount to which it is energized, while 
each rotating part is de-energized in proportion to the flow of 
accelerating power which it gives out. 

Pictures of Accelerating Power 

To make a picture of the flow of accelerating power a second 
ribbon may be drawn of width equal to the accelerating power, 
that is, to the product of the mean force by the mean velocity. 
To distinguish between the two ribbons, that for energy trans¬ 
mission will be shaded longitudinally and that for accelerating 
power laterally. 

Accelerating power may be measured in the same units as 
other power, that is, foot-pounds per second, horse power, watts 
or kilowatts. 

Arrows have been placed on the energy flow ribbon to indicate 
that energy is continually passing a given point in one direction. 
With such a flow the total quantity of energy passed increases 
cumulatively with the time. The flow of accelerating power 
alternates in direction so that arrows to represent the successive 
instantaneous flows would point equally in both directions. 
However, in picturing the transmission of power by reciprocating 
motion we are not attempting to show the instantaneous values 
which fluctuate throughout the cycle but only the effect over one 
or more complete cycles. 

While the accelerating power has no direction of flow it is 
associated with the transfer of energy from the rotating flywheel 
to the reciprocating piston, which is in a determinate direction. 
As the de-energizing of the flywheel and the energizing of the 
piston are each proportional in magnitude to the width of the 
stream of accelerating power, it is a useful convention to mark 
oh this ribbon arrows to indicate the direction of the transfer of 
energy. It is to be remembered that this transfer is a process 
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not cumulative with time, so that accelerating power of a con¬ 
stant amount may flow indefinitely from a flywheel without 
depleting its energy supply. The arrow on this ribbon represents 
a transfer of energy which occurs at the time when the flow 
from flywheel to piston first begins and which may be described 
as unstable. The transfer can only be maintained as long as 
the flow of accelerating power continues and in an amount pro¬ 
portional to the flow. Any increase or decrease of flow is ac¬ 
companied by a corresponding transfer of energy. 

It is further to be remembered that the direction of these ar¬ 
rows is determined by making the assumption that the rotating 
parts are the primary reservoirs of stored energy; therefore, 
that the flow of accelerating power (transfer of stored energy) 
is from the rotating parts to the reciprocating parts. This as¬ 
sumption is natural in the simple case used for illustration, but is 
not essential. That is, the direction of the arrows results from 
a convention and could be reversed by adopting a different 
convention. It is of course desirable to adhere always to one 
convention, though it is useful to know that the arrows on the 
ribbon of accelerating power represent but one of two possible 
views. The conclusions are of course the same whichever 
view is adopted, the language in which they are clothed being 

alone affected. 

Fig. 4 shows the distribution of accelerating power from a 
flywheel to the reciprocating parts of an engine. 

The speed of the engine is 150 rev. per min. The stroke of 
the engine is two feet, giving the pistons a mean velocity of 
x/V2 X 150 rev. per min. X 2 feet, or 667 feet per minute. 
The mean acceleration of the pistons is V2 X X 150= rev. 
per min. -r- 60= seconds per minute X 2 feet, or 175 feet per second 
per second. The high-pressure piston weighs 120 pounds and 
takes a mean accelerating force of 120 pounds X 175 per 
second per second divided by 32.2, or 652 pounds. e ac 
celerating power is therefore 652 pounds X 667 feet per minute 

divided by 33,000, or 13 horse power. 

The low-pressure piston weighs four times as much and re- 
k hors, pow'er accde««on. The valve ™ghs 
Sixth as much and has one-fourth the travel and requires 1/96 the 


power, or 0.14 horse power. 

^ The high-pressure piston is energized to an amount equal to 

one-half its weight multipHed by the square 

or 1/2 X 120 pounds X 667= feet per minute divided by 60 
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seconds divided by 32.2 = 230 foot-pounds. The low-pressure 
piston contains 920 foot-pounds energy and the valve 2.4 foot¬ 
pounds. These quantities of energy are exactly proportional 
to the accelerating power taken by the parts, the ratio being 
33,000 foot-pounds per minute divided by 4 X x X 150 rev. 
per min. or 17.5. That is, a reciprocating part is energized 
by 17.5 foot-pounds for every horse power of accelerating power 
which flows into it. 

Magnetizing Power 

What has been said of mechanical motion and pressure when 
in quadrature applies also to electric currents and pressures. 



Fig. 4—Flow of Energy and Accelerating Power through Engine 

As reciprocating motion necessitates acceleration of matter and 
that requires the application of accelerating power, so alternating 
electric currents necessitate the acceleration of electricity and 
that also requires a similar kind of power. Mechanically, the 
accelerating power is stored intermittently as kinetic energy in 
the reciprocating, mass, while electrically, the power is corres¬ 
pondingly stored in the alternating magnetic field of the moving 
electricity. Wherever there is reciprocating matter there must 
be mechanical accelerating power and wherever there is alterna¬ 
ting electricity there must be electric magnetizing power. 

Electric currents in quadrature with the electrical pressure 
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have been called idle or wattless currents because they transmit 
no power in the ordinary sense, and the product of these currents 
by the pressure has been called wattless power for the same reason. 
As the power taken by reactive coils is almost wholly ‘ Vattless” 
the power is also called reactive power, with the advantage 
that there is no implication that it is not really power. As the 
‘hdle” currents produce magnetization they are also called 
magnetizing currents, and the name magnetizing power seems 
to give the simplest view of the function of reactive power. 
All of these electrical terms describe a special form of power 
which alternates in direction and is otherwise identical with 
mechanical accelerating power which exists in all reciprocating 
machines. 


Magnetizing power, it should be noted, is necessary to produce 
magnetism alternating in direction, just as accelerating power 
is necessary to produce reciprocating motion. 

When the magnetism is uniform in direction the magnetiza¬ 
tion is produced once for all at the beginning and no further 
magnetizing power is required. The same distinction occurs 
in mechanics: uniform motion, say of a flywheel, requires ac¬ 
celerating power only at the time of starting; after reaching 
speed it will run indeflnitely without further acceleration. 

A permanent magnet or an electromagnet excited by direct 
currents may be regarded as a reservoir of magnetism just as 
a uniformly moving flywheel is a reservoir of energy. 

The magnets used in direct-current electrical machinery are 
of this type, therefore, except at the instant of starting, no 


magnetizing power is used. ^ ^ 

A permanent magnet may be compared to a frictionless fly- 

wheel which will run indefinitely when once started. Flywheels 
in general cannot be frictionless but must har^’e shaft and bear¬ 
ings. To keep such a flywheel running uniformly, energy must 
be continually supplied equal to the bearing fnction. But it 
should be noted that such energy adds in no way to the stored 
energy of the flywheel. A direct-current electromagnet is sim¬ 
ilar to such a flywheel. The field current or exciting current 
merely overcomes electrical friction, that is, resistance, and 
Conserves the magnetisation put in at the first instant. 

The magnetizing power flowing into an altemating-curren 
magnet is like the accelerating power flowing into a reciproca¬ 
ting piston ,while the exciting power flowing into a direct-curren 
ma|Lt is like the mechanical power flowing into the beanngs 
and overcoming the friction of a flywheel. 
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In practically all commercial machines for interchanging 
mechanical and electrical power, that is, generators and motors, 
the mechanical forces are due to the attraction‘knd repulsion of 
magnets. With alternating-current machines the magnetism 
of these magnets is produced in whole or in part by this magnet¬ 
izing power. 

An ordinary alternating-current generator also has magnets 
excited by direct current. These magnets serve a similar pur¬ 
pose to the flywheel of a reciprocating engine. As the flywheel 
is a reservoir of mechanical energy which is drawn on to ac¬ 
celerate and retard the reciprocating parts, so the magnet of 
the alternator is a reservoir of magnetization Which magnetizes 
and demagnetizes the alternating-current magnets of the circuit. 

As we may picture mechanical accelerating power flowing 
out from the flywheel to each reciprocating part, of an engine, 
so may we picture magnetizing power flowing out from the 
generator to each motor, transformer or other part containing 
an alternating-current magnet. 

The alternating-current magnets are magnetized at the ex¬ 
pense of the direct-current magnets. The gain of magnetiza¬ 
tion of one exactly equals the loss of magnetization of the other. 

A displacenient of magnetization in a determinate direction 
is then associated with the flow of magnetization, which being 
alternating, is itself directionless. Furthermore, the frequency 
being the same throughout the system, the amount of magnet¬ 
ization displaced is proportional to the magnetizing power. 

Electric machines absorb or give out mechanical energy 
because of attraction or repulsion of their constituent magnets. 
Alternating-current machines such as ordinary generators, syn¬ 
chronous motors and synchronous converters"contain both direct- 
and alternating-current magnets, while other important elec¬ 
tric machines such as transformers, induction motors, induction 
regulators and induction generators contain alternating-current 
magnets only. 

A machine containing both direct- and alternating-current 
magnets may either give out or absorb magnetizing power. 
A machine containing alternating-current magnets only can 
also give out or absorb magnetizing power if provided with a 
suitable commutator. The use of such a commutator is, however, 
still unusual and the ordinary induction motors and most other 
machines containing alternating-current magnets have no 
commutators. A machine containing alternating-current mag- 
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nets only, and without a commutator, caii absorb but cannot 
give out magnetizing power. 

Most alternating electric machinery is designed to have an 
approximately constant magnetization,- therefore the magnetiz¬ 
ing power is also approximately constant. The flow of magnet¬ 
ization to a transformer, induction motor or other non-com¬ 
mutating machine containing alternating-current magnets only, 
can be pictured as being constant at all loads for an ideal, per¬ 
fect machine. For a practical machine the flow of magnetiza¬ 
tion will increase slightly with increasing load although the 
useful magnetization decreases slightly, the voltage being as- 
sumed normal at all loads. Increased voltage at any load 
increases the flow of magnetization, and decreased voltage 
decreases it. 

Pictures of the Flow of Magnetizing Power 

Magnetizing power being but an electrical variety of acceler¬ 
ating power,its flow may be shown by a similar picture. A 
ribbon may be drawn for it with a width equal to the product 
of the mean current by the mean potential. 

Magnetizing power may be measured in the same units as 
accelerating or other power, though in electrical work magnet¬ 
izing power is measured in kilovolt-amperes instead of in kilo¬ 
watts. The two units are of the same dimensions, a kilowatt 
being the same as a Icilovolt-ampere except that its application 
is limited by an additional convention that the current and 
pressure are in phase. It may be pointed out that it is equally 
important to distinguish between kilovolt-amperes of magnet¬ 
izing power where current and pressure are in quadrature and 
kilovolt-amperes of apparent power where no determinate phase 

relation is implied. 

Arrows may be placed on the ribbon to show the direction in 
which magnetization has been displaced. The demagnetizing 
of the field magnets of an alternator and the magnetization of 
the fields of an induction motor being proportional to the mag¬ 
netizing power, and due to its flow, there is a natural basis for 
describing the flow as being from the point where demagnetiz¬ 
ing takes place and to the point where the magnetism reappears. 
This displacement of magnetization, like the transfer of energy 
from flywheel to piston, is a transient change which occurs when 
the flow begins, but the displaced magnetization is only prevented 
from returning to its original state of equilibrium by the con- 
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tinuance of the flow of magnetizing power. The flow of magnet- 
izing power is therefore not a cumulative flow, and if constant, 
does not further deplete the magnetization of the source from 
which it springs nor build up an indefinite amount of magnet¬ 
ization at its terminus. 

The Induction Motor and Induction Generator 

Fig. 5 shows the flow of energy through an induction motor 
at varying loads. As previously mentioned, an induction 
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Fig. 5 —Induction Motor and Induction Generator Operation 

AT Varying Loads 


motor contains alternating-current magnets only, and there¬ 
fore must receive magnetizing power from some external source. 
The motor receives from the generator two independent kinds 
of power. The ordinary flow of energy through it is similar 
to that through a direct-current motor and requires no further 
comment. 

The magnetizing power which flows into the motor and goes 
no further is the peculiar feature. The width of this power 
ribbon does not vary much from full load to no-load. Motors 
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of different sizes take magnetizing power approximately in 
proportion to their horse power rating, though small motors 
take a somewhat greater proportion due to less perfect design. 
Low-speed motors take more than high-speed motors of the 
same rating, because the speed being low, the maximum torque 
must be high, and as the diameter of the armature is not in¬ 
creased sufficiently to maintain the same surface speed, a high 
torque requires more magnetic attraction and consequently more 
magnetism. Subject to considerable variation due to such 
causes, the figures shown may be taken as typical of any in¬ 
duction motor. 

An induction motor like other motors is reversible in its func¬ 
tion and may operate as a generator and is then called an in¬ 
duction generator. 

Fig. 5 is extended to show the transition from motor to 
generator action. The operation of the motor as a generator 
amounts to a reversal of the flow of energy, precisely as with 
a direct-current machine. 

However, the flow of magnetiziug power does not and cannot 
reverse. An induction generator cannot produce magnetizing 
power. The induction motor is a reversible machine as regards 
the flow of energy but not as regards the flow of magnetization. 
This explains why one induction motor operated as a generator 
cannot operate another as a motor unless some other machine 
is also connected which is capable of furnishing the magnetiz¬ 
ing power for both machines. It also shows why it may be 
advantageous to forego the simplicity of the ordinary induction 
motor and add a commutator so that the inward flow of mag¬ 
netization may be reduced, eliminated or reversed. 

Synchronous IVIotor and Altbrnating-Ourrent Generator 
An alternating-current generator can operate as an alterna¬ 
ting-current motor and is then called a synchronous motor. 
The synchronous motor differs from the induction motor in 
being completely reversible, that is, reversible as regards the 
flow of magnetization as well as of energy. Where an alternator 
transmits power to a synchronous motor there are three cases 

as shown in Fig. 6. . . 

The simplest case is where, as in direct-current transmission, 

no magnetizing power is required. Each machine has its mag¬ 
netization furnished locally by direct currents. The equality 
of excitation is indicated in the figure by drawing the exaters 
of the generator and motor as of the same size. ^ ^ 

Above this case is shown the one where magnetization as we 
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as energy is being transmitted from the generator to the motor. 
This indicates that the motor has insufficient magnetization, 
it is therefore said to be under-excited. The less the direct- 
current excitation of the motor, the greater the magnetizing 
power absorbed by it. This magnetizing power produces a 
useful magnetization in the motor just sufficient to supplement 
the inadequate direct-current magnetizaton. If the direct- 
current excitation decreases, the magnetizing power increases, 
so that finally, if the direct-current magnetization fails entirely, 
the magnetizing power alone may furnish approximately normal 
magnetization. A synchronous motor may, therefore, run 
without direct-current field excitation, in fact, this principle 


Exciter 


Atfernatfng 

Generator 


Synchronous 

Motor 


Exciter 



Normal Excitation 


Energy flowing to Motor 


Under Excited 



piQ. 0 —Flow of Energy and Magnetization at Varying Excita¬ 
tions 

is used in starting synchronous motors and converters. Such 
an unexcited motor is similar to an induction motor but is so 
imperfectly designed for unexcited operation that it takes a 
much greater proportion of magnetizing power. 

An unexcited synchronous motor is, like an induction motor, 
reversible in regard to flow of energy and may be used as a gen¬ 
erator. However, an unexcited generator or motor must absorb 
and cannot produce magnetizing power. Therefore, an un¬ 
excited generator cannot be used to run an unexcited motor unless 
there is some other source of magnetizing power adequate for 
both generator and motor. 

At the bottom of the figure is shown the case where the 
motor has an excessive amount of magnetization or is over- 
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excited. The magnetizing power now flows from the motor to 
the generator. The effect of this flow is to demagnetize the 
motor, the amount of flow being just sufficient to bring the 
magnetization of the motor down to equality with that of the 
generator, 

The principle is, in fact, general, that magnetizing power de¬ 
magnetizes the machine from which it proceeds and magnetizes 
the one into which it flows. Magnetizing power may, therefore, 
be imagined as a current or flow of magnetization from points 
of surplus to those of deficient magnetization. The surplus 
magnetization is to be found in those machines strongly excited 
by direct currents, the deficient magnetization in those weakly 
excited and more especially in transformers, induction motors 
and other apparatus having no direct-current excitation at all. 
Strong and weak excitation are of course only relative terms. 
If the excitation of a generator and a motor are equally strong or 
equally weak no flow of magnetizing power between them is 
necessary to preserve a balance. The voltage which a machine 
tends to have, due to its direct-current excitation alone, fur¬ 
nishes perhaps the simplest measure of the strength of excitation 
from the present point of view. 

Where several alternating-current machines having direct- 
current excitation are connected together, the increase in the 
excitation of any one machine tends to raise its voltage but 
this tendency is counteracted by a magnetizing current which 
flows away from it to the other machines, demagnetizing it and 
magnetizing them. A considerable increase in excitation of one 
machine, therefore, produces a smaller though widespread in¬ 
crease in magnetization of all the machines. Conversely, a 
decrease in excitation of one machine causes an inflow of mag¬ 
netizing power and a corresponding reduction in the voltage of 
the whole system. This condition holds whether the machines 
are all alternators or all synchronous motors or a mixture of 
the two. The function of the machine, whether generator or 
motor, is immaterial, the relative excitation is the essential thing. 

The relative excitation of the machines (generators and motors) 
on a system governs the flow of magnetization and of that alone. 
The origin of the excitation is immaterial as regards the flow 
of energy j the excitation may all come from one machine, any 
one, or from all the machines in any proportion. As long as 
some source of adequate magnetization is provided the several 
machines may be driven as generators or operated as motors at 

will. 
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Consequently, increasing the excitation of one of two alterna¬ 
tors will not shift load to the other and an alternator may con¬ 
tinue to carry its full load even if its excitation is lost. 

Raising the voltage at one power house will not shift load to 
another and the voltage may be higher at the delivery end than 
at the generating end of a transmission line. 

It is true that such increasing of excitation and raising of 
voltage does shift the flow of power but it is the flow of magnetiz¬ 
ing power only, not the flow of energy. 

In every alternating-current system two kinds of power 
coexist and flow independently. The two kinds may flow in 
the same or in opposite directions. Either flow may vary 
without interfering with the other flow. 

We may picture the variations in the two ribbons of power 
from a generator. The operator can with his right hand increase, 
decrease, stop or reverse the flow of the ribbon of energy by 
opening and closing the engine throttle or governor controller, 
while with the left hand he may similarly and independently 
control the ribbon of magnetization by raising or lowering the 
excitation by the field rheostat. The governor controller and 
the rheostat are the two handles by which to take hold of the 
two flows. 

The Synchronous Condenser 

Fig. 7 shows first an alternating-current generator at full load 
and over-excited. As the load is reduced, the energy flow decreases, 
stops and reverses just as previously shown for a direct-current 
machine. As the excitation is supposed to remain unaltered, 
the outflow of magnetizing power is practically unaffected by 
these changes of load by which a generator has become a motor. 
The transition stage between motor and generator operation 
presents the peculiarity that the machine though neither a motor 
nor a generator still produces magnetizing power. This feature 
is of such importance that the machine when so operating has 
a special name, being called a synchronous condenser. 

The synchronous condenser can be used to produce the magnet¬ 
izing power required for operation of induction motors or induc¬ 
tion generators or for the starting of unexcited synchronous 
motors, or in fact for producing all or any part of the flow of 
magnetization required for a transmission system. 

The amount of magnetization produced is under control, 
depending on the amount of excitation. The figure shows that 
with decreased excitation the flow of magnetizing power event- 
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ually ceases and that a further decrease reverses the flow. An 
under-excited synchronous condenser may be called a syn¬ 
chronous reactor. 

Transformers 

Power consists of the product of two components, velocity 
and pressure. Either may be increased at the expense of the 
other and the power remains the same. 

Mechanically, increase of pressure with decrease of velocity 
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Fig. 7 —Synchronous Condenser Operation 

may be accomplished by gearing. In this graphical representa¬ 
tion of power, where the power as a whole- is shown but not its 
components, the transmission of power through gearing makes 
no change in the direction of its flow nor in the width of the 
stream except for the diversion of a small amount corresponding 
to the losses in the gearing. 

Transformers are used for increasing electrical pressures with 
corresponding decrease in current. A transformer is therefore 
a kind of electrical gearing and power will pass through it with 
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no change except a slight diminution to cover transformer losses. 

Accelerating power can be geared up or down mechanically 
just as well as energy flow. Similarly, magnetizing power can 
be transformed as readily as energy flow. A transformer is 
therefore no barrier to the free and independent flow of the two 
kinds of power. 

The electric transformers are a type of gearing corresponding 
mechanically to a direct-acting pump, the change of pressure be¬ 
ing produced by alternating or reciprocating motion. The 
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Exciter Generator 


Transformer 
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Fig. 8-~Flow of Energy and Magnetization through a Trans¬ 
former 


transformer, therefore, must itself receive a small amount of 
magnetizing power in order to work at all, but this is an approxi¬ 
mately fixed amount and does not otherwise affect the free flow 
of magnetizing power through it. 

The magnetizing power taken by a transformer is similar in 
characteristics to that of an induction motor, the principal 
difference being that the magnetic design of a transformer is 
much more perfect than that of an induction motor so that the 
proportion of magnetizing power taken is much smaller. 
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Fig. 8 shows the flow of power through a transformer. The 
transformer diverts from the. energy stream a small branch 
which is consumed as transformer loss and from the magnetizing - 
stream another small branch which magnetizes the core. Even 
at no load the transformer must receive these two small streams 
if it is active. Ordinarily both streams come from the same 
direction, that is, from the generator, but this is not essential, 
for when an induction generator drives a synchronous motor 
through the transformer the energy loss stream comes from the 
generator, the magnetization stream from the motor. 

In a broad way generators and motors as well as transformers 
may be considered as a kind of gearing. 

A generator, like a transformer or a gear, transforms the pro¬ 
duct of one motion and one pressure into an approximately equal 
product consisting of a different motion and a correspondingly 
different pressure. 

Where both motions and pressures are mechanical the trans¬ 
forming device is called gearing, where one pair is mechanical 
and the other electrical it is called a motor or generator, and if 
both are electrical it is called a transformer. 

Apparent Power 

While energy flow and magnetizing flow can be considered to 
exist in the same circuit practically independently, there are 
not two distinguishable currents, of electricity in the same wire. 
The currents and pressure of energy flow and of magnetizing 
flow combine into a single current and pressure. Neither the 
current nor the pressure alone shows any trace of the two com¬ 
ponents of which either may be considered to be built up. 
However, on comparing the composite current with the compo¬ 
site pressure it is found that the times of reversal are-no longer 
either simultaneous or in quadrature. The effect on^ current 
and pressure of combining energy and magnetizing flow is to shift 
the relative time of reversal, or as it is ordinarily expressed, the 
phase is shifted. Conversely, it is found that whatever the dif¬ 
ference in phase, the total effect of the current and pressure can 
be analyzed into two parts, one giving energy flow only and the 
other magnetizing flow only, and this forms one basis of the con¬ 
clusion that energy flow and magnetizing flow are two funda¬ 
mental kinds of power. ^ -u i ^ ^ 

The oroduct of current and pressure is power, the kmci o 

pow depending upon the phase. Disregaxding the phase, 
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which is often unknown, the product is called apparent power. 
When the phase of the two quantities is the same the apparent 
power is the same as energy flow, when phases are in quadrature 
it is the same as magnetizing flow. For intermediate phases ap¬ 
parent power consists of an energy flow component and a magnet¬ 
izing flow component. It is found that the square of the appar¬ 
ent power is equal to the sum of the squares of the energy flow 
and the magnetizing flow. 

This leads to the conclusion that if the ribbons representing 
energy flow are laid say horizontally and those representing mag¬ 
netizing flow are turned vertically then a diagonal ribbon connect¬ 
ing them will represent the apparent power. 

Fig. 9 shows how a flow of 80 kilowatts of energy and 60 
kilovolt-amperes of magnetization gives an apparent flow of 
100 kilovolt-amperes. 

While apparent power is not itself a fundamental kind of power 



Fig. 9—Apparent Flow Resulting from Plows of Energy and 

Magnetization 

it is perhaps more readily measured than either energy flow 
or magnetizing flow, as it is only necessary to measure the current 
by an ammeter and the pressure by a voltmeter and multiply 
the result, without regard to the difference in phase. 

It is also of importance because furnishing a measure of the 
size of generators, transformers, motors, etc., which must be 
used to transmit simultaneously the flow of energy and of mag¬ 
netization^ 

Power Factor 

Power factor expresses the relation between energy flow and 
apparent power. It is the number of kilowatts of power de¬ 
livered per kilovolt-ampere apparently transmitted. 

When the power factor is fixed the relation between the 
magnetizing and energy flows is also fixed. If the power factor 
is constant the magnetizing and energy flows can only increase 
or decrease proportionally. 

Fig. 10 shows the relation between the flow of energy and the 
flow of magnetization at various power factors. The two flows 
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are equal for a power factor of I/V 2 = 71 per cent. With 
increasing power factors the proportion of magnetizing flow 
diminishes until it vanishes at unity power factor, while with 
decreasing power factors the proportion of energy flow diminishes 
and it becomes zero at zero power factor. 

While the magnetizing power is relatively less at low than at 
high power factors an increase in power factor does not neces¬ 
sarily mean that the magnetizing power has decreased. Thus, 
in an induction motor, the power factor is higher at full load 
than at no-load, nevertheless the magnetizing power is also 
greater. The increased power factor results from a great increase 
in energy flow accompanied by a small^increase in magnetizing 
power. 


330KVA. 
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Fig. 10 —Ratio of Magnetizing Flow to Energy Flow at Different 

Power Factors 

Lagging and Leading Currents 

The terms lagging and leading indicate the relative directions 
of flow of the two kinds of power. If they flow in the same 
direction the current is said to be lagging, if in opposite direc¬ 
tions, leading. If the current is lagging it may be changed to 
leading by reversing either but not both of the flows. If a syn¬ 
chronous motor is under-excited the current is lagging. Increas¬ 
ing the excitation makes the current leading because it reverses 
the flow of magnetization while the flow of energy is not affected. 
If, however, the excitation is not increased but mechanical power 
is applied to drive the motor as a generator, the current also 
becomes leading because the flow of energy has been reversed 
while the flow of magnetization is not changed. If the excitation 
is increased and mechanical driving power is also applied, the 
current remains lagging because both flows have been reversed. 
These effects are shown in Fig. 11. 
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Branched Circuits 

Where a circuit branches, say from one generator to two motors 
operating at difEerent power factors, the determination of the 
power factor of the generator from that of the motors looks 
rather complicated The same problem is extremely simple if 
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Fig. 11—Directions of Flows with Leading and Lagging Currents 

viewed as the division of two kinds of currents, each into two 
branches. 

For example, a generator supplies an induction motor taking 
80 kilowatts at 80 per cent power factor lagging, and a syn¬ 
chronous motor taking 100 kilowatts at 98 per cent power 


Synchronous Motor 
(Over Excited) 



Fig. 12—Power Factors of a Branched Circuit 

factor leading. It is evident that the generator supplies the 
sum of 80 and 100 kilowatts, or 180 kilowatts, but it is not 
very obvious that its power factor is 97.6 per cent lagging. 

Fig. 12 shows that this complicated relation of power factors 
is merely a roundabout way of saying that the induction motor 
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takes 60 kilovolt-amperes of magnetizing power while the 
synchronous motor gives out 20 kilovolt-amperes, therefore, the 
generator must give out the difference, or 40 kilovolt-amperes. 

From these elements a picture may be drawn of the flows of 
energy and magnetization in any transmission and distribution 
system. The ribbons show graphically the equality between 
inflowing and outflowing energy and between inflowing and 
outflowing magnetization. A single flow of energy may have as¬ 
sociated with it two or more separate flows of magnetization as 
shown in Fig. 13. Here a synchronous condenser forms a local 
source of magnetization for the induction motors at the end of a 
transmission line, thus saving the losses of transforming and trans¬ 
mitting this flow as well as performing other useful functions. 
The generator is shown as furnishing the magnetizing power for 


Trs/tsiornw TftANSMtSSiON UN£ Tnnsfbrmtr 

(Skfi-Up) (SftpDoom) 



Induction Motor 

Fig. 13 — Flow of 
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motors in its vicinity. Water power transmission systems usually 
have little load at the generating end and there are indications 
that a normal method of operation of such systems is to have the 
source of magnetization at the receiving end. When the flow 
of magnetization is in the opposite direction to the flow of energy 
at full load, the voltage drop due to the load is decreased, and 
the regulation is improved. 


Charging Power 

The electric phenomena previously described are those which 
result from the storage of energy in an electric circmt due to 
magnetization. Energy may, however, also be stored m another 
form due to electric charging. Where the electnaty is used 
in the form of alternating currents the electric charging current, 
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like the magnetizing current, must transport this energy to the 
part charged and back to the source periodically. Charging 
power must flow to every part where there is electrostatic 
capacity. With charging power, as with magnetizing power, 
the current and potential are in quadrature. In fact charg¬ 
ing power is the same as magnetizing power except that the 
direction of flow is reversed. That is, a kilovolt-ampere of charg- 
power flowing south is the same as a kilovolt-ampere of 
magnetizing power flowing north. The single term, magnetiz¬ 
ing power, is then sufficient for both. The choice of the term 
magnetizing power instead of charging power furnishes the basis 
of the convention which has been used in indicating the direc¬ 
tion of flow of this kind of accelerating power. 
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Fig. 14—Flow of Magnetization at Various Line Voltages 


However, this difference should be noted—an alternating- 
current electric condenser is always a source of magnetizing 
power, while an alternating-current magnet is always a sink in 
which such power disappears. 

The alternating-current condenser and the alternating-current 
magnet are complementary. 

The electric condenser, therefore, may be used as a substitute 
for the direct-current magnets of an alternator in furnishing 
the magnetization of a transmission system. 

An alternator without direct-current field excitation may re¬ 
ceive all needed excitation from an electric condenser, and an 
induction motor may operate as an induction generator receiving 
its magnetization from a condenser. These results are obtained 
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in practise, though they are not the normal operating conditions 

on high-tension transmission systems. 

A rotating machine structurally identical with an alternator 
or synchronous motor, but not performing any mechanical wor , 
may furnish the magnetizing power for a system, in who e or 
in part, much as an electrostatic condenser would, and hence is 

called a synchronous condenser. 

Fig. 14 shows the essentially different behavior of an electro 
static condenser and a synchronous condenser as the voltage 
changes. The flow of magnetizing power from an electrostatic 



Electrostatic Condenser Generator Generator Mernat/ng Magnet 

Power 



Pig. 15—Flow of Accelerating Power and Magnetizing Power in 

Oscillating Circuits 

condenser increases as the square of the voltage. Magnetizing 
power flows from a synchronous condenser only when the 
circuit voltage is below that corresponding to the excitation 
of the condenser. If these voltages are equal the synchronous 
condenser is neutral as regards magnetizing power. If the circuit 
voltage is higher, the synchronous condenser absorbs magnetizing 
power and ceases to be like a condenser, becoming similar to a 

reactor. 

The phenomena due to charging power are not peculiar to 
electrical transmission. If the steam ports of an engine are 
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perinaiiciitly closed, when the piston is in mid position in the 
cylinder it cannot be moved in either direction without compres¬ 
sing the air on one side and expanding that on the other side. 
If the engine shaft is rotated the piston will require a reciproca¬ 
ting force to overcome the air pressure and this force will be 
zero at midstroke and maximum at the dead point; that is, it is 
in quadrature with the motion. For a given direction of motion 
the direction of this force will be opposite to that which would 
be required for acceleration. This reversal of one component 
but not of both, reverses the direction of the power. Conse¬ 
quently, such an air-cushioned piston becomes a source of ac¬ 
celerating power. As it passes the dead point the flywheel now 
has its minimum instead of its maximum velocity. The effect 
of connecting the air cylinder to the wheel at this point is to 

energize it. 

Fig. 15 shows that the outflow of accelerating power from 
an air cylinder is. like the outflow of magnetizing power from an 
electrostatic condenser—one energizes the flywheel, the other 
magnetizes the generator. Conversely, the reciprocating piston 
and the alternating magnet both take a corresponding inflow 
and de-energize the flywheel and de-energize the generator, re¬ 
spectively. 

If the two flywheels are combined, the energizing and de-ener¬ 
gizing processes may cancel. The flywheel then becomes un¬ 
necessary to maintain the motion and consequent flow of ac¬ 
celerating power and the reciprocating motion of the piston 
may be maintained by connecting it directly to the air cylinder. 
It is then merely a weight oscillating at the end of an air spring. 

The two generators may be similarly combined and eliminated, 
giving an electrical oscillating circuit of a magnet and a con¬ 
denser-. 
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CONTINUOUS WAVES IN LONG-DISTANCE RADIO¬ 
TELEGRAPHY 


BY L. F. FULLER 


Abstract of Paper 

Ability to predetermine the probable normal ^ daylight 
sending radius of high-powered radio telegraphic stati ons is of 
prime importance in their design. 

The theoretical transmission equations for both continuous 
and damped waves are discussed and the empirical formulas for 
the latter are given. . ^ 

Experiments with continuous waves over a _ period of six 
months between San Francisco and Honolulu, a distance of 2100 
nautical miles (3880 km.), are described, and an empirical for¬ 
mula for the calculation of probable sending radius with such 
waves is proposed. This is checked by experiments between 
Tuckerton, N. J., and Honolulu, 4330 nautical miles (8000 km.). 

Curves giving the energy received at Honolulu from San 
Francisco under both day and night conditions are shown, and the 
effects of changes in wave length upon transmission efficiency are 
discussed. Evidence strengthening theories of the^ reflection, 
refraction and interference of Hertzian waves in long-distance 
transmissions, and experimental data showing interference bands 
not over 18 miles in width, are given. The great value of easy and 
rapid changes in wave length, especially at night, is apparent 

from the curves. . • • i 

Final conclusions drawn from a comparison of the empirical 
transmission formulas for continuous and for damped waves are 
that the transmission efficiency of continuous waves is some¬ 
what higher than that of damped waves on wave lengths of ap¬ 
proximately 3000 m. or above, and that this advantage increases 
with the wave length. 


Theoretical Features 

T he comparative transmission efficiency of continuous and 
damped waves lias been tbe subject of much discussion. 
Most experimental attempts to study the question have 
been over moderate distances and no difference has been observed 
until recently. Austin^* states that experiments of the United 
States Navy Department from the Arlington station, using a 
Poulsen arc for the generation of continuous waves and a 500- 
cycle spark transmitter for the production of damped waves, have 
shown that at distances of the order of 2000 nautical miles 
(3700 km.), or above, continuous waves are on an average 

superior. ____________ 

^Reference numbers refer to the bibliography at end of paper. 
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A theoretical analysis of the transmission of electromagnetic 
waves, either continuous or damped, over a perfectly conducting 
plane, was given |by Sommerfeld^ in 1909. Further treatment 
of the subject has been given by Poincaire , Nicholson, 
March®, von Rybezynski® and Zenneck^ Certain experi¬ 
mental data over short distances have also been given by 
Duddell®, Taylor® and Tissot®. 

In 1912, Eccles^^ gave a theoretical discussion of the prop¬ 
agation of electromagnetic waves in long-distance transmissioii 
around the curvature of the earth. His conclusions are strength¬ 
ened by the United States Navy Department's tests of 1910 and 
1913, recorded by Austin^’ and by the Federal Telegraph 
Co. Poulsen arc, San Francisco-Honolulu tests of 1914, to be 

described herein. . 

The results of the Sommerfeld theoretical treatment of the 
transmission problem may be stated as follows for continuous 


waves: 



0.0019 d 
X 1/3 



where E = effective electric amplitude in volts per km. of 

the electric field at a distance {d) from the send¬ 
ing antenna. 

hi = effective height^^ of sending antenna in km. 

Jj = current in amperes at base of sending antenna. 

X = wave length in km. 
d = distance in km. 

6 = angle at center of earth subtended by distance d. 
It is assumed that the earth is perfectly conducting and that d 


is several wave lengths. 

If the waves are damped, then on account of the wave train 
form*of^the|][oscillations, 



where 5i and 5 2 are the decrements of the transmitter and re¬ 
ceiver respectively. 

Solving equation ( 1 ) tovlh the current in amperes at the base 
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of the receiving antenna of effective height km. and of resis¬ 
tance R ohms, we obtain for continuous waves: 



= 120 TT 


\dR sin 0 ^ 


0.0019 d 
U/3 



and from equation (2) for damped waves: 
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1 1/3 


( 4 ) 


This may be divided into four terms: 



120 TT 


hi h2 Is 
\dR 


which is the Hertzian expression for the effective value of the 
current flowing through a resistance at a point in the equatorial 
plane of an equivalent oscillator of length 2 at a distance d. 



takes account of the curvature of the earth. 






takes account of the damping at both transmitter and receiver 
and is therefore unity for continuous waves. 



0.0019 d 
e X 1/3 


corrects for the divergence of energy into the upper strata of the 
atmosphere due to the waves not foUowing perfectly the curva¬ 
ture of the earth, and might be termed a » divergence factor. 
All these theoretical equations are for a perfectly conducting 
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earth surface. Von Rybczynski states that a slight decrease in 
conductivity will result in a slight increase in received energy, 
apparently due to a reduction in the divergence factor. A 
considerable reduction in earth surface conductivity, however, 
will result in severe loss, and an absorption factor^® must be 
introduced. This is the case in most overland transmissions. 

It is obvious, therefore, that theoretical transmission formulas 
must vary with the type of earth surface over which transmission 
is effected, and that empirical formulas derived from experimen¬ 
tal data will likewise vary, the only certain uniformity possible 
in earth surface conductivity being over sea water. Atmospheric 
conditions affecting electromagnetic waves are so variable during 
the hours of darkness that it is only uiider normal day conditions 
that uniformity can exist. Hence, the only relatively uniform 
basis upon which theoretical and empirical formulas may be 
compared is for transmission over sea water under normal day 
conditions. 

In 1911 Austin^^ gave the results of quantitative experi¬ 
ments up to 1000 nautical miles (1850 km.) from a spark trans¬ 
mitter at Brant Rock, Mass., and again^^ in 1914 with a spark 
transmitter from the United States naval radiotelegraphic 
station at Arlington, Va., up to 2000 nautical miles (3700 km.). 
These experiments with the damped wave may, according to 
Austin (loc. cit.), be expressed by the following semi-empirical 
formula: 


1207r 


hihl, a / 9 

\dR Sind 


0.0015 d 

e \/j 



The term v —« may be considered as unity for distances of 
2000 nautical miles (3800 km.). 

The main point of difference between this and the theoretical 
Sommerfeld formula for the damped wave is in the last term, 

_ 0.0015 d 0.0019 d 

the divergence factor, -v/r instead of e” a i/3 . 

This makes long-distance radiotelegraphy much easier than 
theory would indicate and is probably due to a return of energy 
from the upper atmosphere by reflection or refraction, or both. 
Presumably, therefore, a convergence factor might be added to 
the theoretical formula. From many data available, especially 
those to be presented herein on the San Francisco-Honolulu sus- 
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tained-wave experiments of 1914, it is probable that such conver¬ 
gence is considerably greater with continuous than with damped 
waves. No experimental data are available from any source on 
the effects of changes in decrement on transmission efficiency 
and divergence factor over long distances. 

The foregoing covers briefly the theoretical equations of long¬ 
distance radio transmission for both continuous and damped 
waves and the empirical formula of Austin for damped waves. 
This formula (6) proves quite satisfactory for the ordinary cal¬ 
culations of practical work, and would indicate that a change 
should be made in the theoretical equations to account for the 
considerable increase in received energy noted, seemingly due to 
convergence; i.e.^ a return to the earth’s surface, near the re¬ 
ceiver, of energy radiated into the upper atmosphere after leav¬ 
ing the transmitting station. 


General Description 

The following description of the San Francisco-Honolulu 
sustained wave tests of 1914 may be divided into two parts. 

1. That dealing with the effects of wave length upon the 
strength of received signals. This has an accuracy which is 
satisfactory for comparative results, and probably averages with¬ 


in 10 per cent. 

2. That part covering the derivation of a proposed empirical 
formula for sustained wave transmission. This has an accuracy 
below that which could have been obtained had the two stations 
involved not been handling commercial work, which necessitated 
the taking of experimental data at irregular intervals, and caused 
frequent interruptions. It is probably accurate within 20 per 

cent. 

Thus all deductions’based upon the relative value of re¬ 
ceived energy readings may be regarded as being considerably 
more reliable than those based upon actual received energy 

valu.es 

It is believed, however, that all data are of sufficient accuracy 
for practical purposes and that the transmission formula for 
continuous waves may be satisfactorily used in commercia 

desis^n 

Description of Plants 

The data presented herein were taken during the period of 
six months extending from January to June, 1914, inclusive. 
Tke range of wave lengths was from 3000 to 11, 00 meters, and 
the distance of transmission 2100 nautical miles (3880 km.;. 
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The stations were the San Francisco and Honolulu plants 
of the Federal Telegraph Co. Both were equipped with 100- 
kw. Poulsen-Federal arc transmitters rated on continuous 
d-c. input, although 40-50 kw. is the usual power employed. 

Each had three guyed wooden towers, two 440 ft., and one 
608 ft. in height, giving triangular fiat top antennas of 0.010 mf. 
capacity. 

At San Francisco the 440-ft. towers were 600 ft. between 
centers. The 608-ft. tower was 900 ft. from one, 1095 ft. from the 
other 440-ft. tower. 

At Honolulu all towers were on 600-ft. centers, forming an 
equilateral triangle, and there was in addition the arc of approx¬ 
imately 135 degrees of an umbrella antenna, strung from the 
back side of the 608-ft. tower over shallow tide water. This 
accounts for the capacity of this antenna with the close tower 
spacing being the same as that at San Francisco. 

The center of capacity at Honolulu was very close to 394 ft. 
(120 m.), while at San Francisco, due to greater sags, it was 
approximately 380 ft. (116 m.). 

Methods of Taking Data 

Antenna Currents were measured by hot-wire ammeters cali¬ 
brated from a 100-ampere Hartmann-Braun unshunted hot band 
instrument used as a standard. 

Wave Lengths were measured by a standard wave meter^® 
employing a tikker and phones to indicate resonance. 

Centers of Capacity were determined by mapping the triangular 
. network of the antennavS giving the height above the earth for 
various areas, and assuming a low capacity for the down leads. 

Received Watts were determined by the shunted telephone meth¬ 
od. The general procedure was identical with that used in the 
TJ. S. Navy Department tests of 1910 and 1913 described by Aus- 
tin^^> ^ and was briefly as follows: 

If the receiving telephones be shunted by a variable resistance, 
the incoming signal has an audibility of one when the shunting 
resistance is so adjusted that the dots and dashes can just be 
differentiated. The following relation then exists: 

= ^ ( 6 ) 

where Af = audibility factor or number of times audibility. 

R = impedance of telephones in ohms, 
and S = impedance of resistance shunting telephones in ohms. 
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Eigpit Hundred and Twenty Five- 
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Six Hundred and Eight-ft 
Tower at San Francisco 
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Type of Receiving Apparatus Used at Honolulu and San Fran¬ 
cisco during Tests 
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Front View 100-Kw, Poulsen-Federal Arc Transmitter Used 
AT San Francisco and Honolulu during Tests 



imm 


iti 


[fuller' 

Back View 100-Kw. Poulsen-Federal Arc Transmitter 
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For the purpose of determining the received watts for a given 
value of resistance shunting the phones, or for a given audibility 
factor, another Poulsen-Federal arc station near by was used 
as a transmitter, and a thermo-couple and galvanometer were 
inserted in the antenna of the receiving station. These had 
previously been calibrated on direct current and indicated the 
received antenna current. 

Measurements of the resistance of the antenna circuit, with 
the secondary of the receiver adjusted to resonance, were made 
throughout a range of wave lengths extending from 3000 to 
10,000 meters, and the received watts for a known audibility 
factor were calculated by RP. These values of received energy 
were reduced to received watts for unit audibility. Using a 
rotary tikker and sensitive telephone receivers these results 
gave the relation 

P = 3.2 X 10-10 (7) 

where P = received energy in watts and 

Af — audibility factor as defined above. 

General Notes 

Reference to the tabulated data shows the general average 
of signal strength obtained with the antenna current at the trans¬ 
mitter reduced to 35 amperes. 

It was kept below 50 amperes in order that a minimum error 
might be introduced in correcting received current for a con¬ 
stant transmitting antenna current for all wave lengths. Pre¬ 
liminary investigation of this point showed that for transmitting 
antenna currents somewhat above 50 amperes the received current 
did not vary directly as the transmitting currently but fell off 
somewhat. 

In order to eliminate as far as possible factors tending to cause 
questionable results, the antenna current in all tests was kept at 
such a value as to make it possible to correct received curretit 
with certainty to the values which would have been obtained 
had it been convenient to hold the transmitting antenna current 
constant for all wave lengths. 

All data are for transmission with daylight over the entire 
path, except on a certain few night tests. , With the exception 
of ten miles of bare hills approximately 1200 ft. in height at the 
San Francisco end, the path of transmission lies entirely over sea. 
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Discussion of Curves 

Figs. 1, 2, 3, and 4 show received energy as a straight-line 
function of the wave length. It is possible that during these 
tests the waves were subjected to refraction only and that the 
amount of energy received by reflection from the upper atmos¬ 
phere was small, probably indicating stable day conditions. 

The data in Fig. 5 show a constant gain in received energy up 
to 7000 meters, with a second peak at 10,000 meters. 

Fig. 6 is somewhat similar; again showing a maximum at 7000 




Fig. 1 —Honolulu to San Fran¬ 
cisco, Jan. 25,1914— San Francisco 
Time 1:05 p.m. -2:55 p.m. Is = 35 
amperes. 


Fig. 2 —San Francisco to 
Honolulu, Jan. 25, 1914— 
San Francisco Time 9 a.m. 
- 12 M. Is = 35 AMPERES. 


meters, a minimum between 8000 and 9000 and a rise again 
at 10,000 meters. 

Fig. 7 is also of this same general type. All three indicate a 
combination of day and night conditions with possibly partial 
interference on certain wave lengths, and addition on others, 
due to a combination of reflection and refraction phenomena. 

Fig. 8 is a typical night curve showing a marked reduction in 
signal strength on certain wave lengths, probably due to reflec¬ 
tion phenomena. When compared with Fig. 13, however, it will 
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Fig. 3 — Honolulu to San Fran¬ 
cisco, MarchI, 1914—San Francisco 
Time 10 a.m.-12 m. Is — 85 am¬ 
peres. 



Fig. 4 —Honolulu ‘to San 
Francisco, March 8, 1914 —San 
Francisco Time 11:44 a.m.- 


12:03 P.M. L> = 35 amperes. 



WAVE LENGTH-A-IN KILOMETERS 


Fig. 5 —Honolulu to San Fran¬ 
cisco, March 8, 1914 —San Fran¬ 
cisco Time 3:08 p.m.-3:54 p.m.— 
Is = 35 amperes. 



Fig. 6—Honolulu to San Fran¬ 
cisco, March 15,1914- —San Fran¬ 
cisco Time 10:30 a.m. -12 m.— 
Is = 35 AMPERES. 
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Fig. 7—Honolulu to San Fran¬ 
cisco, March 15, 1914—San Fran¬ 
cisco Time 3 p.m.-4 p.m. Is = 35 

AMPERES 



Fig. 8—Honolulu to San Fran¬ 
cisco, April 1, 1914—San Fran¬ 
cisco Time 3 a.m.-4 a.m. Is == 35 
amperes. 

Typical night curve showing a marked re¬ 
duction in signal strength on certain waves. 



Fig. 9—Honolulu to San Fran¬ 
cisco, May 3, 1914—San Fran¬ 
cisco Time 10 a.m.-12 m. Is = 
35 amperes. 



Fig. 10—Honolulu to San 
Francisco, May 17, 1914—San 
Francisco Time 11:30 a.m.-12 m. 
Is = 35 AMPERES. 
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be noted tbat the efficiency of transmission on the night of April 
1st must have been considerably lower than on the night of June 
13th, since no reduction in received energy following the radia¬ 
tion resistance curve is noted in the former case. This shows 
that the reduced losses in transmission on the long waves more 
than counterbalanced the reduction in radiation resistance. 
The great difference in observed audibilities on these two nights 
also indicates this fact. 

Fig. 9 again shows a constant daylight condition, the received 
energy being a straight-line function of the wave length, probably 
indicating consistent refraction and no reflection. 



Fig. 11 —Honolulu to San Francisco, May 24, 1914— San Fran¬ 
cisco Time 10:25 a.m. -11:25 a.m. Is = 35 amperes. 

Fig. 10 is interesting in again showing a maximum near 7000 
meters; but the 8000- and 9000-meter waves show a decrease. 
Judging from the last two points on this curve, and from the 
behavior of curves in Figs. Jl, 12, 14 and 15, it is probable that 
this curve, if continued, would show an increase in received 

energy. 

Figs. 11 and 12 show a maximum at 8000 and 7000 meters 
respectively, a minimum at 9000 meters, and a decided rise 
at 10,000 meters. It is thought quite probable that at 14,000 
and 16,000 meters, the double of 7000 and 8000 meters, other 
maximums might be noted. These are shown by dotted ex¬ 
tensions. 



WAVE LENGTH-X-IN KILOMETERS 


Fig. 14 —Honolulu to San 
Francisco, June 22, 1914 —San 
Francisco Time 10:30 a.m. -11:15 
A.M. Is = 35 AMPERES. 
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WAVE LENGTH-A.-IN KILOMETERS 


Fig. 12 —Honolulu to San Fran¬ 
cisco, May 24, 1914 —San Fran¬ 
cisco Time 11:25 a.m. -12:05 p.m.— 
Is = 35 amperes. 


S i 2 oo! 
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WAVE LENGTH-A-IN KILOMETERS 


Fig. 13 —Honolulu to San Fran¬ 
cisco, June 13, 1914 —San Fran¬ 
cisco Time 2:45 a.m. -3:30 a.m.— 

Is = 35 AMPERES. 

Typical night curve showing marked re¬ 
duction in signal strength on certain waves. 



WAVE LENGTH-A-IN KILOMETERS 


Fig. 15 —Honolulu to San Fran¬ 
cisco, June 28, 1914 —San Fran¬ 
cisco Time 10:45 a.m,-10:30 a.m. 
Is — 35 amperes. 
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Fig. 13 is another typical night curve, similar to Fig. 8, show¬ 
ing a marked reduction in signal strength on certain waves. It 
is interesting to note that the average of these points gives a 
curve which follows the radiation resistance curve of the trans¬ 
mitting station, showing a falling off of the received energy in 
proportion to the reduction in the radiation resistance at the 
transmitter. For reasons given in the discussion of Fig. 8, 
the efficiency of transmission must have been very high and 
reflection phenomenon marked at the time Fig. 13 was taken. 

Figs. 14 and 15 are typical examples of the unstable daylight 
class, probably indicating refraction, and in addition, reflection 
and a resulting interference upon certain wave lengths. 

From a half-hour to two hours time elapsed during the taking 
of each set of observations. During this period the conditions 
of absorption for various wave lengths could have changed 
materially. However, many sets of observations are the results 
of two sets of readings, giving identical curves although separated 
by one-half to three-quarters of an hour. It may be assumed with 
reasonable accuracy therefore, that as a whole, the observations 
for any given date recorded herein present conditions existing 
simultaneously on all the wave lengths. This is undoubtedly 
true of the data showing stable day conditions and these are the 
only data from which deductions and calculations have been 
made. 

It is probably not true, however, of the pure night curves, 
Figs. 8 and 13. At night, conditions of apparent absorption 
may vary by several hundred per cent within a few minutes. 
The fact that the mean values of Fig. 13 follow the radiation 
resistance curve, however, would tend to show that conditions 
were fairly uniform, throughout the period during which its 
observations were made. 

An Empirical Transmission Formula for Continuous Waves 

The observed data are presented in the accompanying tables 
and from these the curves of the fifteen plates are drawn. 

Calculations have been made from data taken from the curves 
as drawn. Only curves or parts of curves which show stable 
daylight conditions have been used. These are: 

Fig 1. All waves 

ICt^UU 

ic g c( u 

4 . “ 


U 


(C 
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OBSERVED DATA 


Corrected to 1 ^ 


Fig. 

Wave Length 

Received En- 

No. 

Meters 

ergy 


X 

Watts X10-1“ 



P 

1. 

5000 

145. 


7000 

190. 


9000 

259. 


10000 

301 


11000 

336. 


11800 

368. 


2. 

5000 

157 


6000 

217 


7000 

288 


3. 

« 

3000 

4000 

5000 

6000 

7000 

8000 

9000 

10000 

496. 

531. 

371. 

557. 

905. 

829. 

919. 

1170. 

4. 


255.0 


5000 

312.0 


6000 

480.0 


7000 

454.0 


8000 

660.0 


9000 

778.0 


5. 


429.0 



707.0 



911.0 



830.0 



886.0 



919.0 



886.0 


6. 

H 

7.8 

14.6 

53.6 
142.0 

73.3 

75.2 

135.0 

7. 

4000 

7.8 


5000 

27.2 


6000 

142.0 


7000 

255.0 


8000 

215.0 


9000 

237.0 


10500 

214.0 


35 Amperes 


Fig. 

Wave Length 

Received En- 

No. 

Meters 

ergy 


X 

Watts X 10-^“ 



P 

8. 

6000 

1120.0 

N 

7000 

1340.0 

• 

1 

8000 

788.0 

g 

9000 

1100.0 

h 

10000 

1100.0 

t 



9. 

6000 

40.7 


/OOO 

124.0 


8000 

127.0 


9000 

170.0 


10000 

210.0 



52.5 



118.5 


8000 

113.8 


9000 

68.4 



72.2 

11. 


26.0 


6000 

110.8 



130.0 



168.0 



75.0 



82.0 

12. 

5000 

32.0 


6000 

89.6 


7000 

186.0 


8000 

114.5 


9000 

79.4 


10000 

92.5 

13. 

3000 

2540.0 


4000 

1295.0 

,N 

5000 

668.0 

i 

6000 

2720.0 

g 

7000 

576.0 

h 

8000 

1610.0 

t 

9000 

743.0 


10000 

320.0 


•10500 

842.0 

14. 


179.0 



310.0 



292.0 



127.0 



111.0 



151.0 

15. 

6000 

107.5 


7000 

156.0 


8000 

179.0 


9000 

126.0 


10000 

167.0 


10500 

178.0 
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Fig. 5. 5000-7000 meters 
6. 6000-7000 meters 
" 7. 6000-7000 meters 
9. All waves 

Tr • r i . 0.0019 d ■ 

it in tormula (3) the last term, the divergence factor e x i 

be written and the whole formula be solved for A , we obtain 



T log C 120 TT “^7 z —ijr —~ 

d ^ \ d R L 


\/: 


e 


sin 6 



Twenty-five separate calculations of A by the above formula 
have been made from data taken from the curves on wave lengths 
ranging from 3000 to 11,800 meters. From these it may be said 
that for continuous waves 



within the limits of error of these observations. 

In the above equation the average of twenty-five values of j8 
is 45 X 10"^. 

The exponent of X shown in equation (9) holds consistently 
through all data, while j8 varies from day to day. The value 
given above was the average observed during these tests. The 
maximum noted occurred on March 15th on 6000 meters when 
reached a value of 77 X lO"**. The minimum noted was on March 
8th on a 9000-meter wave when /3 dropped to 20 X lO"^. 

Substituting equation (9) and the above average value of 0 
in formula (3), we obtain the following daylight transmission 
formula for continuous waves over sea water: 



377 


hi h Is A / 6 

\ d R sin 6 


0.0045 d 
e X ^2 



where all factors are expressed as in formula (3). 

No attempt has been made to give an average value of 0 for 
night work, since it may vary by many hundred per cent within 
a few minutes and a few hundred meters change in wave length 
may make a variation of the same order of magnitude. Figs. 
8 and 13 illustrate these points. It is also obviously useless to 
attempt the approximation of for day work during periods when 
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partial night conditions exist. All such conditions usually tend 
to reduce the apparent absorption upon certain waves and in¬ 
crease it upon others. Hence in using formula (10) for the 
calculation of average sending radius and received signal strength, 
it maybe considered safe to use the average value of /3 given above, 
provided the transmitting station has several waves at its disposal. 
If its available wave lengths are limited, however, it is liable, 
at times during which unstable day conditions exist, to be forced 
to transmit on a wave having poor transmission efficiency. 
With such stations it is obviously safer to use a value of /? more 
nearly the maximum noted above for the calculation of average 
sending radius. The value to be used is naturally controlled 
to a great extent by the importance of the station, the quality 
of service required, and the geographical location. 

During November and December, 1914, tests were carried on 
by the United States Navy Department from the Goldschmidt 
high-powered radiotelegraphic station at Tuckerton, N. J., to 
the Honolulu plant of the Federal Telegraph Company. Signals 
were transmitted in daylight the entire distance of approximately 
4330 nautical miles (8000 km.), using a rotary tikker detector in 
receiving at Honolulu. 

The antenna at Tuckerton consists of 36 wires attached to 
the top of a steel tower 825 ft. (250 m.) in height. The outer 
ends of these wires are attached to poles 40 ft. (12 m.) high 
arranged in a circle of 1500 ft. (450 m.) radius with the steel 
tower at the center. The wave lengths used by Tuckerton were 
7400 and 10,000 meters. The shorter wave was never heard in 
Honolulu in daylight, but the longer was received consistently 
during the tests with daylight over the entire path of transmis¬ 
sion. On the 7400-meter wave, both a Goldschmidt alternator 
and a Poulsen-Federal arc were used, but on the 10,000-meter 
wave only the arc was available. 

Certain further checks on formula (10) are possible from these 
tests. These are as follows; 

At San Francisco, approximately 2000 nautical miles from 
Tuckerton, the ratio of received currents for the 10,000- and 
7400-meter waves was 

. 1 50 observed and 1.67 calculated. 

-tR 7400 w 

This is primarily a check upon the V2 exponent of wave length 
and the constant /3of 45 X 10 "^in the divergence factor. 
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At Honolulu a received current of 5.5X10"® amperes on 10,000 
meters was observed. The calculated value from formula (10) 
is 6.12 X 10"® amperes. 

On the 7400-meter wave from Tuckerton, formula (10) gives 
a value of received current below audibility and this is roughly 
checked by the fact that this wave was never heard until noon, 
Honolulu time, which was 5:30 p.m. at Tuckerton. This late 
in the day, normal conditions no longer exist and night conditions 
are beginning. The calculations are made from the following 

data * 

I, = 122 amperes on 10,000 meters and 100 


/fi = 
}l2. — 

X = 
d — 

i^ioooo = 


At Honolulu J 


amperes on 7400 meters 
300 ft. = 91.5 X 10"® km. 

197 ft. = 60 X 10"® km. 

10 km. and 7.4 km. 

4330 nautical miles = 8000 km. 

150 ohms. High resistance due to 
close coupling, mediocre ground, and 
series receiving circuit. 


7^7400 —■ 135 ohms. 
d =72.5 degrees. 

Af= 14.25 times audibility at Honolulu on 
10,000-meter wave and zero on 7400- 


meterwave. 

= 3.2 X10“^® watts for unit audibility. 


No consistent difference was noted at San Francisco or 
Honolulu in the energy received from the alternator as compared 
with the arc when both were transmitting upon the same wave 
length and delivering the same antenna current. 

The general conclusions to be drawn from the San Francisco- 
Honolulu and Tuckerton-Honolulu tests of 1914 are as follows: 

(1) Under normal day conditions the comparative trans¬ 
mission efficiency of continuous waves is somewhat higher than 
that of damped waves on wave lengths above 3000 meters. The 
last term, the divergence factor of formula ( 10 ), compared with 

that of formula^ ( 6 ) shows this. 

(2) The transmission efficiency of continuous waves generated 
either by a Goldschmidt reflection alternator or a Poulsen- 
Federal arc would seem to be the same. 

(3) In transmissions over distances in the order of 4000 nauti- 

cal miles, intervening land appears to be the equivalent of sea 
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water, at least during the winter months. This may be due to 
the greater part of the received energy traversing the upper 
strata of the atmosphere. 

(4) In the 15 curves shown in the figures, much evidence is 
found adding weight to the theories of refraction, reflection and 
interference upon certain wave lengths. These are further 
borne out by observations made at the Beach station of the Fed¬ 
eral Telegraph Company, nine miles from the high-power plant 
described herein. Very frequently a wave length used by Hono¬ 
lulu, which is excellent at one, is useless at the other, and as 
atmospheric conditions change, conditions are reversed. This 
plainly shows interference bands not over 18 miles in width. 
Such phenomena are most apparent at night when reflection is 
pronounced. 

(5) Ability to change wave lengths rapidly is of the greatest 
value in long-distance radiotelegraphy. Pig. 13 shows this to 
good advantage. 

Formula (10) was derived from a distance of approximately 
2000 nautical miles (3700 km.) and has been checked by the 
data presented herein for a distance of approximately 4330 
nautical miles (8000 km.). It is believed that it is of sufficient 
accuracy for ordinary practical purposes and it is hoped it may be 
satisfactorily used in commercial design. It must always be 
borne in mind, however, that variations of 100 per cent or more 
may occur from day to day under seemingly identical conditions 
at both transmitter and receiver, and also that the formula was 
derived from data obtained from waves traveling over the waters 
of the North Pacific Ocean, which, as a rule, permits of greater 
transmission efficiency than is found in some other parts of the 
world. 
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Discussion on “ Continuous Waves in Long-Distance 
Radiotelegraphy ” (Fuller), New York, April 9, 
1915. 

Alfred N. Goldsmith: As Mr. Fuller has truly said, the paper 
will be of considerable assistance in enabling us in the future 
to proportion a transmitting set to the distance to be covered, 
at least under conditions such as he has mentioned; that is to 
say, transmission over waters similar in absorbing power to 
those of the North Pacific. 

In my judgment, radio engineering is one of the most inter¬ 
esting branches of electrical engineering imaginable; in fact it 
is unique in that we are compelled to employ novel units of time 
and space. The unit of distance for our purposes is logically 
the distance which an electromagnetic wave travels in a second. 
We deal with almost incredible velocities, namely, those of the 
light waves themselves. However, the electromagnetic^ waves 
employed differ from the extremely minute light waves in that 
the wave length ranges from several hundred feet to five or six 
miles, or more, as indicated by Mr. Fuller. 

We deal here with frequencies quite outside of the range 
normally employed in a-c. engineering. They run from 15,000 
to 20,000 per second for our long wave, well up into a million or 
more cycles per sec. All of these unusual conditions of 
working lend to radio engineering a certain fascination, which 
never fails to keep men in that field, once they enter it. There 
is hardly any possibility of their leaving it thereafter. 

To pass to continuous wave transmission, it is extremely 
interesting to note that sustained wave transmission is practi¬ 
cally the meeting ground of ordinary electrical engineering and 
the radio engineering of the present. We are dealing here with 
true alternating currents in the antenna, generated by methods 
which are or should be familiar to every electrical engineer. 
They may be handled, received, detected, neutralized or manip¬ 
ulated, in general, exactly as are the ordinary alternating currents 
used in engineering, and the laws which govern 60-cycle currents 
govern them equally well. That is something which cannot be 
said, without mental reservation, when we come to the highly 
damped wave train, used in the older spark radiotelegraphy. 
Furthermore, the devices employed to produce continuous waves 
are of a type easily comprehensible to every skilled electrical 
engineer; for example, a device like the Goldschmidt alternator, 
which is, as Professor Kennelly has aptly termed it, nothing more 
than ‘‘a nursery for higher harmonics.'’ It is a device in which, 
instead of eliminating these troublesome visitors of higher fre¬ 
quency, they are nursed and brought to resonance and finally 
radiated from a properly arranged electrical system. 

We have with us this evening a gentleman who has been very 
prominent in the production of alternators which produce in¬ 
credibly high frequencies, from 100,000 to 200,000 cycles per 
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sec. His work in this field has been of a pioneer character, 
and later on it will be a pleasure to hear what he has to say about 
sustained waves. Some of the alternators designed by him are 
provided with a rotor having a rotational speed of 20,000 rev. 
per min., with 800 to 1200 poles; and to load them, they are 
directly connected to a capacity and a resistance of proper value 
so that full energy may be drawn from them. Such alternators 
are of interest to the electrical engineer, if only to emphasize the 
fact that not all alternators need to be connected to a water 
rheostat in order to absorb their output. 

In connection with the use of sustained waves, certain new 
effects have for the first time become of interest and prominence. 
The first of these is unquestionably that of reflection or inter¬ 
ference of the sustained wave. I recall some time ago hearing 
Dr. de Forest present a lucid description of this phenomenon 
before the Institute of Radio Engineers, He was at that time 
with the Federal Telegraph Company. The results he pre¬ 
sented were perfectly clear so far as they affected the reflection 
of waves. 

We deal here with a vast out-door laboratory. Imagine 
waves thousands of meters long, which strike cloud layers, or 
conducting layers. They are reflected downward and interfere 
definitely with waves which have pursued a shorter path directly 
along the surface of the earth. Clearly there will be points at 
which waves of a certain length are destructively interfered 
with, and consequently signals will become quite inaudible; 
and yet at points situated differently, without interfering radia¬ 
tion from the reflecting layer, the same waves may produce 
powerful effects. We have here a highly novel reflecting effect, 
one worthy of study, and which may lead to important contri¬ 
butions to our knowledge of the nature of the upper layers of 
the atmosphere. 

The sustained wave methods of radio transmission have also 
led to the development of new methods of reception. They 
have led to the introduction of that curiously mysterious device 
the tikker, particularly the rotary tikker. This instrument 
consists of a metal wire resting on a rotating metal wheel. It 
acts as a commutator which periodically discharges a condenser, 
this condenser being charged slowly by the incoming energy. The 
discharge passes through the telephone receiver and produces 
the received signal. We know that these effects exist; but it 
is not clear why only certain combinations of metal should be 
satisfactorily operative. I trust that some light will be shed on 

these points in the near future. 

There is a device known as the tone wheel, used by the 
Goldschmidt company, which is nothing more nor less than a 
carefully designed commutator. This interrupts the incoming 
energy at a frequency slightly different from the incoming fre¬ 
quency, and produces something which is not quite a beat 
phenomenon, but which fortunately renders the incoming energy 
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available to deflect the telephone diaphragm at an audible fre¬ 
quency. This would be a device of no great use with damped 
wave trains. And finally, the use of sustained waves has led to 
the development of that extremely efficient method of reception 
known as the heterodyne system of receiving, wherein the in¬ 
coming energy which, of course, is nothing more nor less than 
a normal radio-frequency alternating current, is caused to pro¬ 
duce beats with the locally generated alternating current. 
These beats are of audible frequency, and frequently the energy 
represented by the beat maybe, and practically always is, much 
higher than that of the incoming energy itself. We thus have 
an extremely efficient device. On a small scale, it is nothing 
more nor less than the beat effect produced by two alternators 
which are not quite in step. The synchronizing lamp flickers 
up and down, and at a frequency less than that of either of the 
alternators. Similarly, the telephone diaphragm moves to and 
fro at a frequency which is the difference between that of the 
incoming energy and that of the locally generated energy, and 
much lower, therefore, than either. We have, consequently, a 
device that is efficiently possible only when we are using sustained 
waves. 

The arc as a generator is a device that some time ago seemed 
to be practically hopeless. No one supposed that so erratic and 
irregular a device as an arc could be used to produce a steady 
flow of very high frequency alternating current. Every ^one 
knows the arc has the negative characteristic; that a slight 
increase in voltage will produce an increase in current, and 
vice versa. It is essentially unstable, and series resistance 
will be required in general to maintain the stability of an arc, 
unless a special form of d-c. generator be used with it. 

It is, therefore, a scientific tour deforce that we have been able 
so to build and control arcs by circuits connected to them that 
they have now become satisfactory and reliable generators of 
considerable amounts of sustained energy. Of course, in the radio 
station, 50 kw. is a large amount of energy. 

The arc apparatus is distinguished by unusual simplicity. 
When looking at the picture of the arc in the paper, one looks 
at practically all there is of the station except’ a few switch¬ 
boards, a key, and a loading antenna inductance. The station 
is simple, readily worked, and easily accessible in all its parts. 

We can imagine the predicament in which Mr. Fuller would 
have been had he been forced to change his transmitting wave 
lengths rapidly, using the very high speed radio-frequency al¬ 
ternator. In slowing down or speeding up such an alternator 
hastily, dangerous strains would have been developed. This 
brings up a point of interest to those who desire to apply radio 
apparatus to military purposes; namely, that it is desirable to 
avoid interference by the enemy’s transmitters, or to interfere 
with them, if desired. It is also valuable from the commercial 
point of view, in that if a certain wave length is found to be un- 
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suitable for transmission at a given time, it may be changed; 
and consequently the possibility of a rapid change of wave length 
is extremely valuable. Those who are going to work on the 
production of^ sustained oscillations should bear in mind that 
one of the prime desiderata of a generator of this type is the 
possibility of rapidly changing the wave length. 

In this connection, Mr. Fuller has brought out the ‘‘sunrise 
effectwhich is of great interest to us. Somewhere between 
two stations which are widely separated there may be a dividing 
surface between the light and darkness. In an admirable paper 
presented to the Institute of Radio Engineers some time ago, 
Professor Kennelly brought out the fact such a surface of dark¬ 
ness and light would act as a fairly good reflector for waves which 
strike it. It is a region where there may be considerable ion- 
. ization of the upper layers of the atmosphere, due to the. sun¬ 
light falling on one side. In consequence, we may expect to 
find a sudden diminution of received energy as the sun rises and 
the ionization boundary layer sweeps along between the stations,, 
and this effect is found to exist. This leads to an interesting 
speculation of another sort. If the atmosphere, indeed, produces 
such great changes in transmission, is it not possible that only 
the earth’s atmosphere and ground have properties which make 
radio transmission over long distances possible? The earth, in 
effect, is a slightly conducting sphere. A non-conducting layer 
of air surrounds it, and then above this are upper layers of air 
■ which are certainly fairly good conductors, being at approxi¬ 
mately the same pressure as exists in a normal Geissler tube. 
Above this, there is a region of absolute non-conductivity. 

The boldness of the early experimenters in this field is to be 
commended, particularly the experiments at Newfoundland, 
where Mr. Marconi attempted to receive the S signals sent out 
from Poldhu, near Cornwall, England, at a distance of several 
thousand miles. Such boldness was commendable, because 
there was littlereason to expect that energy woiildfollowthecurve 
of the earth. To-night we have experiments described where 
energy travels along the earth in spite of the fact it might have 
been radiated off into space. It is obvious that such waves 
must have their feet attached in some way to the earth, or are 
reflected from the upper layers of the atmosphere. 

Obviously, we have a peculiarly fortunate arrangement of 
conducting layers on the earth, so proportioned physically that 
long-distance radiation is possible. The great degree to which 
radio transmission depends on these physical conditions leads 
us to wonder whether the earth is not the only planet on which 
long-distance radio communication is possible. 

J. Zenneck: I should like to call your attention to the following 
points. The formula on which all measurements of Mr. Fuller 
are based is equation (7): 

P = R = 3.2 X Af 
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It indicates that the audibility factor A fin Mr. Fuller’s device 
was proportional to the received watts. Now the audibility 
factor is proportional to the current in the unshunted telephone 
circuit, supposing that the main current in this circuit is not 
changed by shunting the telephone. Therefore, in Mr. Fuller’s 
arrangement the telephone current must have been proportional 
to the received watts. 

Mr. Fuller used as a detector, a tikker. Therefore we should 
expect that the telephone current be proportional to the re¬ 
ceived current I itself, but not to the received watts and there¬ 
fore not to the square of the current. I should be very much 
obliged to him if he would kindly give us more details regarding 
this fundamental point. 

Mr. Fuller by comparing his results with those of Dr. 
Austin comes to the conclusion that the divergence of the con- . 
tinuous waves used by himself is smaller than the divergence 
of the damped waves used by Dr. Austin. 

Now of course two sets of measurements can only be compared 
if they are made under the same conditions. 

Identity of conditions in wireless work in the first place means 
identity of atmospheric conditions. As the values of Mr. Fuller 
vary very much from day to day (see Figs. 4, 6 and 9 of his papers) 
it would be a little embarrassing to say at what time the atnios- 
pheric conditions over the Pacific in 1914 have been identical 
with those over the Atlantic in 1910 and 1913, when Dr. 
Austin made his experiments. I fully agree with Mr. ^ Fuller 
that in such' cases nothing else can be done than comparing the 
average values of the measurements. But I think that he will 
agree with me that this is not what is really wanted. 

Further, in all cases where the waves are passing from the 
surface of the land to the surface of the sea or in the opposite 
direction, there must be a reflection of the surface waves, because 
the dielectric constants and the conductivity of solid ground 
and sea water are quite different. Therefore, two measurements 
are only comparable, if in both the reflection takes place in the 
same way. This condition is very troublesome too, as we do 
not know anything about the laws governing this reflection of 
surface waves. 

Finally, as the divergence factor largely depends on the wave 
length, only such observations as are made with the same 
wave length should be compared. Now Dr. Austin made 
his experiments with wave lengths up to 4000 m., and Mr. Fuller 
with wave lengths from 3000 to about 10,000 m. Therefore 
their measurements are only comparable between the limits 
of 3000 to 4000 m. I have plotted curves, using the wave 


lengths as abscissas and the values of the exponent 





of the 


divergence factor as ordinates. In Fig. 1, curve A represents 
the values based on Dr. Austin’s empirical formula and the 
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curve F those derived from Mr. Fuller s J*>r 

curve 5 is that according to the theoretical formula of Professor 
Sommerfeld). You see that within the limits from 3000 to 
4000 m of W 3 -V 6 Icn^tli tlic v^ltios derived, froin iJr. 
equation and those corresponding to Mr. Fuller’s formula agree 

if we were justified in extending an empirical formula beyond the 
limits within which it is verified by 

Dr. Austin’s formula for wave lengths above 4000m.-we 
should get the dotted line A, and we should really come to the 
conclusion, as Mr. Fuller does, that ffi®^ 7 ®^Sence factor fo 
his undamped waves is smaller than that for Dr. Austin s 



damped waves. But if we would extend Mr. Fuller’s formula 
on values below3000m. (seethe dotted curve F), we should get 

just the contrary result. . 

Under these circumstances it seemed to rne more attractive 

to combine the results of Dr. Austin and Mr. Fuller than _o 
point out any discrepancy between them. This may be done in 

^ — 0.0019 ^ 

various ways: Putting the divergency factor = e ^ ^ we 

get the dash curve Zi, or using as divergency factor the simple 

- 0.0019 ^ 

term = e ^ , we get the dash-dotted curve, Zj. Both 

curves, especially the first, agree fairly well with the results of 
Dr. Austin and Mr. Fuller at the same time. 
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Lee de Forest: Without wishing in any way to violate our 
neutrality, I might say that this paper tonight should make 
Americans who are at all interested in the progress of the radio 
art feel very happy. The work which Dr. Austin and Mr. 
Fuller have done stands alone to date. There have been no 
'observations of the sort made anywhere else in the world to my 
knowledge. Of theoretical formulas we have had a plenty, 
but they lack the interest which an empirical formula based on 
actual observations of such a thoroughly practical character as 
this possesses. 

It was my good fortune to be with the Federal Telegraph 
Company at the time this matter of the interference bands and 
absorption and reflection was first observed, and I believe that 
you may be interested in a brief account of how it happened to 
come about. I might say that the chances are it would not have 
been observed to this day had- we been using the alternator 
instead of the arc. 

As you doubtless all know, the system used by the Poulsen 
company is this—the antenna is connected through an induct- 
ance to the arc and thence to earth, with the transmitter key 
put across a certain relatively small amount of the inductance. 
The key is normally a back contact key, that is, the contact is 
broken when the key is depressed. Signaling therefore is by 
change of wave length, up or down, of relatively 5 per cent. 
Suppose a station is^working with 3000 meters with the key up, 
it will be radiating at 3300 to 3500 meters with the key down. 

We had observed repeatedly, and chiefly in the early hours of 
the evening, and during the first part of the night generally, 
that the strength of signals would fall off between San Francisco 
and Los Angeles, or vice versa; and that at the time when the 
signals were failing they might within a few minutes change from 
40 or 50 times audibility down to zero audibility. At the same 
time the compensating wave signals, of the wave radiated on the 
upward stroke of the key, a shorter wave or longer wave, would 
be heard with undiminished intensity or even increased intensity. 
In order to hear the compensation wave signals it was merely 
necessary to change the “ tuning ” adjustment of the receiver 
slightly. It was easy to make such observations, and time 
and time again the operators observed these facts. In such cases 
they merely told the distant operator to change his wavelength, 
which he did by cutting in a different amount of inductance on 
the transmitting helix. Or they sent their messages on the 
commutation wave until the signals came in loud, until such a 
time as these signals would in their turn begin to fade, when they 
would then find the compensation wave signals coming in loud, 
and change back again to the original wave lengths. Such 
experience became the common talk, although we were quite at 
a loss to explain the phenomenon. It is simple now to under¬ 
stand it, but at that time it was a tremendous puzzle. As we 
had a great many fogs at that period, we thought it might be due 
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to absorption, but could not understand why a wave three thous¬ 
and meters long should be largely absorbed, while a wave thirty- 
three hundred meters in length was not, in the same degree. 
This phenomenon of the huge interference bands in the upper 
atmosphere forced itself upon us, and all of our observations 
have established the truth of the explanation more and more. 

The interference effect is easily understood. If we suppose an 
upper reflecting layer parallel to the earth’s surface, and from 
twenty to one hundred miles above it, then the energy which 
travels along the earth’s surface is, at certain distances from the 
transmitter, in phase with the energy reflected downwards from 
some definite zone of this upper layer. Likewise at another 
point where the difference in the lengths of the two trajectories is 
one half wave length greater or less than before, the two energies 
will be in opposite phase. 

If we had means of knowing the exact points of reflection, for 
example, if at the middle of the arc traversed or any point, 
provided the angle of the reflecting layer there* were known, we 
could, of course, knowing the wave length, compute the eleva¬ 
tion of the reflecting layer, which would be of interest. Not 
knowing anything about the position of the layer or layers, nor 
the angles involved, we are unable to determine that. 

The clause towards the end of Mr. Fuller’s paper calling atten¬ 
tion to the fact that the interference bands are not over eighteen 
miles in width is to me one of the most interesting statements in 
the physics side of the radio art. Imagine an invisible aurora, 
the bands of the aurora hanging down from the regions of 
atmosphere and wavering as you sometimes see the visible 
aurora wavering on a winter night. Something akin to that 
phenomenon is going on, but only the observer who is listening to 
the undamped wave signals from a distant wireless telegraph 
station can realize that this really beautiful phenomenon exists. 
In daylight this phenomenon generally ceases, although I ob^r\^e 
these other striking curves of Mr. Fuller’s ’ 

to a certain extent, in daylight. In our work in 1910, 11 i 
at San Francisco and Los Angeles, using shorter wave lengths 
over shorter distances, these daylight effects were seldom o 
served. They are most prominent at night when the altering 
meteorological conditions of daylight merging into darkness bnng 
down these ionized strata or bodies of conducting air into a great 


variety of shapes and angles. . . . a 

Only those who have worked frequently with the undamped 
wave method of transmission can realize the importance of 
being able to change the transmitted wave len^h at an instant s 
notice in order to maintain anything like reliable communication. 

While we are observing these things and plotting curves 
of the actual interference phenomena in this country, _ 
have been astonished to see in the foreign papers, notably in 

the-columns of the London ° of 

between distinguished solons, on the theoretical possibihty of 
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tMs reflecting or refracting layer. One says it conceivably 
might exist, and another says that mathematically it cannot 
exist, and here it is as well and as indubitably established as is 
the fact that we can transmit messages through space at all. 

A. J. Hepburn; The importance of Mr. Fuller’s work em¬ 
bodied in this paper is obvious in view of recent developments 
in the, art and the almost universal recognition of the superiority 
of the undamped wave for long-distance communication. The 
experiments described are the most thorough and conclusive 
that have come to my attention and it seems to me that this 
paper is the most valuable contribution to the science, as regards 
the particular phase treated, that has been made, since the 
publication of the Austin formula. In the somewhat hurried 
consideration I have found it possible to give to this paper, there 
has appeared to be nothing to criticize as regards conduct of 
the experiment, analysis or deductions, provided that one does 
not go hack of the fundamental assumptions. 

The number-of radio engineers engaged principally with the 
problems of long-distance communication, to whom such work 
as this is of special importance, is but a small proportion of the 
total number; and the number of those engaged in a purely 
executive capacity with the technical direction of a large radio 
system is smaller still. When one of this small number finds 
himself in a position absolutely unfettered by allegiance to any 
system, or the necessity of protecting investments in patents 
and manufacturing plants, and responsible only for producing the 
most efficient and the most economical results by any means 
known to the art, it may be conceded that his point of view is 
likely to be unusual. If the following remarks seem to question 
some of the most authoritative pronouncements in the matter 
I trust that the unusual point of view will be taken into con¬ 
sideration. 

Briefly, I believe that we need a transmission theory more than 
we need a transmission formula. Almost any sort of suggestion 
as regards possible factors affecting transmission receives a 
respectful hearing in the present state of variant opinions on 
that subject, but all efforts to evolve a more accurate formula 
are made very conservatively, not to say gingerly. This is 
curious in view of the fact that the formula is but the mathemati¬ 
cal statement of the theory. I ascribe it to the restraint imposed 
by the great weight of authority behind the mathematical work 
that has been done. 

I believe that there is promise of most valuable progress 
toward the establishment of a complete theory in a course of 
experimental work such as that which has been contemplated 
by the Navy Department for several years, but which has been 
prevented by the pressure of routine work. The plan con¬ 
templates the use of the station at the Washington Navy Yard 
as a transmitting station and the stations at the Bureau of 
Standards (6 miles distant) and that at Annapolis (23 miles 
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distant) for measurements of received energy. Starting with the 
Austin formula as a trial basis each separate factor would be 
independently investigated, as well as some other possibilities 
that do not appear in that formula, such as decrement and re¬ 
flection. For example: The height of the transmitting antenna 
would be systematically varied while all other factors are kept con¬ 
stant; then the height of the receiving antenna; then the antenna 
amperes; then the wave length; then the decrement due to added 
ohmic resistance; then the decrement due to increased radiation 
resistance, that is, different forms of antennae; and so on. ^ These 
experiments would of course have to be repeated in a different 
locality and over greater distances to determine the constants 
that might appear, but operation at close range where the utmost 
nicety of measurement is possible would be the first requisite. 
This is a suggestion rather than an outline of the work planned. 
If it illustrates sufficiently well the method of attacking the 
problem, the ramifications of the work will be self-evident. 

I cannot but feel that the result of such experimental work 
would lead to some notable changes in the complexion of the 
p)resent transmission formulas. In this hasty comment I have 
no opportunity to submit anything approaching a full statement 
of the reasons that have led to this point of view, but I 
would call attention to the few following points, not as presenting 
any ordered argument but simply as significant in themselves. 

(a) The remarkable instances of unusual communicatior^ 
familiar to every head of a radio station, which do not accord 
with any known theory. For every instance explainable on the 
theory of reflection, for example, one may be cited in cratradic- 
tion; and the same as regards wave length, land or sea effect,etc. 
A single discrepancy of this nature is sufficient ground or in 

(b) On the theory of an upper conducting layer of atmosphere 
to which the waves are “ attached ” as to the earth how conceive 
reflection from that layer more easily thanfronr theearthitseit r- 

(c) Mr. Fuller’s statement that the received energy did not 
always increase with the antenna current above a certain limit 
is very significant in view of many observations on this head by 

^^^^^The indication of interference bands noted by Mr. Fihler 
is rather striking, but would not this phenomenon of rtself 
invalidate the quantitative measurements founded on wav 

length taken at a single fixed station ? A/Tr -Runcr’s 

(e) I have not had an opportunity to calculate by . 

f omula the relative increase of received energy due to sustain 
oscillations over that given by Austin s fomaula 
radiation in the form of wave trains by my 

the consistent results of actual dayrtyday work wo^d show the 

■ superiority of the undamped wave to be very 
indicated by the formula. This, of course, independently of the 
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more efficient receiving apparatus which is generally used for 
undamped waves. 

(/) We cannot imagine the conductivity of the earth or sea 
varying to a great extent, certainly not commensurately with 
the wide variations noted in received energy. Is this factor 
then of small importance ? Every theoretical writer and every 
practical engineer accords it first place in his consideration of the 
subject. Whatever its importance, it seems to deserve a place 
in the transmission formula. It is certainly subject to quantita¬ 
tive measurement. 

Considerations of this nature might be added at great length. 
The point I want to make is that if we limit our efforts in experi¬ 
mental research to refinements of more or less empiric formulas we 
thereby set a limit to our final knowledge. Of course this work 
had to come first. Such work as that of Mr. Fuller cannot be 
too highly commended. Are we not now prepared to go some¬ 
what deeper? 

E. F. W. Alexanderson: Mr. Fuller has, as already stated, 
brought the art of radio engineering very close to the electrical 
engineer by his paper presented tonight. The matter of the 
transmission of radio messages has become simply a matter of 
transmission of alternating current. The formulas for calcu¬ 
lating the efficiency of transmission have been given, and what 
is more important, these formulas have been explored throughout 
a wide range of practical experience. 

If a system for radio transmission is to be designed in view of 
the knowledge we have now, we will need to determine the 
frequency or eventually the range of frequency that is most 
favorable, the power necessary and the voltage for which the 
aerial must be designed. For instance, if we consult the formula 
given more generally, we find that in some. particular cases it 
can be figured out that a certain rate of transmission requires 
100 amperes in aerial. If we assume to use, as suggested here as 
a typical example, 0.01 microfarad capacity, we find immediately 
that 100 amperes flowing through a certain aerial will raise the 
potential of the overhead wires 30,000 volts in the case of 50,000 
cycles, or 60,000 volts in case the frequency is 25,000 cycles. 
An installation for radio frequency is quite a different matter 
from such frequencies as electrical engineers ordinarily deal 
with. The losses from corona are extraordinarily high, and 
while such corona losses would not, be considered to amount to 
anything ordinarily, they may absorb almost all the energy 
which is available. Insulators, also, may absorb a great deal of 
power, and therefore as a whole a condition is easily found where 
the voltage may be excessive, and consequently the lower limit 
of frequency may, under certain conditions, be determined by 
the feasibility of the insulation and the maximum voltage. 

If we then further examine the data given on the variations 
that occur due to refractions and other weather phenomena, 
it is apparent that a certain range of frequency is much 
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more favorable. It appears from these curves, as if under the 
conditions the frequency should at least correspond to some¬ 
thing lower than 6000 meters, in other words, lower than 50,000 
cycles. It will be very valuable for the design of apparatus 
for radio frequencies if some practical rule^ can be given for 
the range of frequency that is most efficient, in addition to the 
general formula and theoretical considerations. 

The curves given in the paper suggest that possibly for dis¬ 
tances of over 2000 miles we might say that the frequencies 
should range between 15,000 and 25,000 cycles. If that is 
so, a basis would exist for the design of alternators for genera¬ 
ting that power. I must ask indulgence if my mind runs 
into the channel of alternator designs and what bearing that may 
have on the problem. 

We are just now testing in Schenectady an alternator for 
long-distance work, which was designed for 50 kw. at 50,000 
cycles, and it is particularly gratifying, in view of the information 
we have tonight, to be able to state that the alternator has proven 
to give a good deal more than 50 kilowatts throughout the whole 
range of frequency from 25,000 to 50,000 cycles. The import¬ 
ance of varying the frequencies in order to accommodate the 
apparatus to the weather conditions prevailing has already been 
brought out sufficiently by other speakers as well as in the paper. 

I want to explain how this particular alternator can be used 
for varying frequency. The alternator has a speed range from 
1800 to 3600 rev. per min., and for these corresponding fre¬ 
quencies no other tuning is needed than the tuning of the antenna 
itself. The capacity that the alternator needs for bringing out 
this power in the antenna and the tuning device, is the regu¬ 
lar loading coil. Therefore, if the antenna is tuned for any 
one frequency, it is only necessary to speed up the alternator 
until it automatically falls in synchronism with the.antenna, and 
then the load is applied by the power flowing from the alternator 
and the speed is prevented from getting any higher. Test has 
shown that the speed under these conditions is stable enough for 
heterodyne receiving. For accurate work additional refinements 
of speed regulation are, however, needed. 

Returning to the question of the frequencies which are really 
desirable for radio communication, it is, of course, premature 
to speak about standardization, but the designer must have 
some definite idea in mind in order to advance the art at all, 
and the paper presented tonight has brought us a good deal fur¬ 
ther forward in the knowledge we really need. 

G. H. Clark: These days, the formula in connection with 
wireless seems to have just about as much immunity from at¬ 
tack as the average patent connected with wireless does, and 
this formula of Dr. Austin’s seems to fare pretty badly in this 
respect. In order to show that even in the field of spark teleg¬ 
raphy there was wide divergence between the absolute results 
and the results when calculated by the Austin formula, a test 
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may be referred to which has already been mentioned in Mr. 
Hepburn’s communication. In this test two spark transmitters 
of widely different efficiencies were coupled to the same antenna 
and were so adjusted that the same radiations were obtained 
in each case. On measuring th^ decrement from the two trans¬ 
mitters it was found that one gave practically twice the damp¬ 
ing of the other. The received current was measured, and it 
•was found that the received current was practically twice as 
great in the case of the transmitter having the smaller damp¬ 
ing. There is a case where, according to the Austin formula, 
it would seem there would be no difference between the two. 
The conditions were the same, the distance was the same, and 
yet the decrement had a marked effect in determining the 
receiving energy. Therefore, that experiment is in line with 
the wide divergence between the conditions as derived from 
Austin’s formula and the result obtained in connection with 
Poulsen’s experiments. 

There is another test I would call attention to, which was 
carried on recently by the U. S. Navy Department at the 
stations at Tuckerton and Arlington. The object of the test 
was to show the results of different wave lengths obtained from 
a common arc transmitter. The condition in each case was 
that the power delivered from a 500-volt generator should be 
a constant. The arc was of the usual type of series arc, directly 
in the aerial. At various wave lengths the power was adjusted 
to be exactly the same, and the radiation noted and a curve 
drawn showing the radiation at different wave lengths. The 
power was chosen as 30 kw. in each case. It was found in both 
cases that a very marked maximum was found in the radiation 
curve. At Tuckerton, where the antenna is of the umbrella 
type, the natural period of the system was 2500 meters, and the 
wave length ^t which the maximum was obtained was 7500 
meters, just three times as much. At Arlington, where the 
antenna is of the flat type, with a natural periodicity of 1900 
meters, the best wave length was 5700 meters. It is known that 
for modern quenched gap transmitters the most efficient wave 
length for transmission is between 1.75 and 2 times the natural 
period of the aerial, but in these two cases of arc transmitters 
it looks as if the best wave length is three times the natural 
period. 

In Mr. Fuller’s experiments, he has shown us in his paper 
that he did not proceed by the method of keeping the energy 
delivered from the source constant, but, on the other hand, 
he kept the current in the antenna constant, and in such case 
it would seem there would be a hump at the transmitting sta¬ 
tion corresponding to the most effective wave length for that 
■antenna, and it would be only reasonable to expect that the 
same maximum would be shown in the receiving signals. Al¬ 
most all the curves Mr. Fuller shows from Honolulu to San 
Francisco show maxima at 7000 meters, and the object of 
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all these remarks I have made is nothing more than to ask 
Mr. .Fuller if the natural period of the aerial at Honolulu is 

not one-third of 7000, or 2300. ^ ^ j -r, 4 . i 

‘L. F. Fuller: Mr. Clark’s deductions in regard to the natural 

period of the Honolulu aerial are quite correct; it is approxi¬ 
mately 2300 meters. . 4 . 

Referring to his description of the experiments with two 

damped wave transmitters, of widely different decrements, it 
is interesting to note that Dr. Austin s latest published dampe 
wave absorption formula includes a correction factor for the 
decrements at both transmitter and^ receiver. The earlier for¬ 
mula did not do so, and I presume it is to this Mr. Qark refers^ 
Dr. Goldsmith has mentioned the ^ complicated theory ot 
operation of the rotary tikker used in these ineasurements. 
This complication may, I think, be seriously consi^red in con¬ 
nection with the fundamental point raised by Dr. Zenneck 
(in regard to formula ( 7 ) of my paper) that we should expect to 
find telephone current proportional to the received cupent^ it¬ 
self. Prior to the beginning of these experiments, this point, 
being fundamental, was thoroughly investigated with the re¬ 
sult that, contrary to what might be expected theoretically, the 
telephone current, with the type of rotary tikker used, is propor¬ 
tional to the received watts. This may be explained at present 
only by the peculiarities of tikker electrical characteristics. 

We have had many theoretical formulas covering radio 
transmission and but two empirical ones, namely—that ot 
Austin for the damped wave, now corrected for decrements 
and that proposed in this paper for continuous waves, i 
agree heartily with Dr. Zenneck that these empirical formulas 
can only be compared, even in a general way, over a one-thous¬ 
and meter range of wave lengths, since the Austin data do 
not go above four thousand meters, and our continuous wave 
data have not been taken below three thousand 
further, since the Austin experiments were over the Atlantic, 
and the continuous wave data were taken over the Pacmc 
many months later, under widely different conditions. 

As men familiar with the making of ^ radio measurements 
realize, the difficulties encountered in taking data of this char¬ 
acter are severe, and it will require years of experimenting be¬ 
fore the ultimate formulas with proper constants and factors 

are determined. . 

The best that can be done at present is to compare the many 

theoretical and two empirical formulas with a full appreciation 

of the limiting features of each. 
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INDUSTRIAL CONTROL IN THE FOUNDRY 


BY R. H. MCLAIN 


Abstract of Paper 

Most of the control devices which are required in a foundry- 
do not differ very materially in their functions from control de- 
vices in other industries. However, they have to encounter an 
unusual degree of dirt. Proper enclosing cases and the latest 
types of safety protection are advantageous. The crane re¬ 
quires a special kind of control. The difference between alterna¬ 
ting-current control and direct-current control is discussed and 
it is shown that for most cases, where cranes are properly selected 
and arranged, there is no need of converting alternating current 
into direct current to accommodate foundry cranes. 

C ONTROL apparatus in the foundry plays the same vital 
part as in other industries in regard to safety to operators, 
safety to apparatus and speed of production. Indeed, safety 
to the operator and apparatus is important and profitable, not 
only for humanitarian reasons, but also as an aid in causing 
continuity and speed in production. Most of the controllers 
in foundries present problems which are no different from those 
in other industries, except possibly that there is more dirt in 
a foundry than elsewhere. Grinders, mixers, blowers, lifting 
magnets, etc., are the same in the foundry as elsewhere and 
really require no separate treatment. A foundry crane, how¬ 
ever, is different from other cranes, due to the requirement for 
a very uniform low value of creeping speed for certain opera¬ 
tions. Some new devices have been recently developed which 
have a peculiar relation to the foundry, such as electric weld¬ 
ing, electric furnaces, etc. It is the object of this paper to deal 
briefly with those types of control which resemble closely the 
control in other industries and to deal more fully with the 

theoretical side of crane control. 

Miscellaneous machines, such as blowers, grinders, mixers, 
dryers, conveyers, etc., require good substantial hand or auto¬ 
matic starters, capable of starting the apparatus a few times a 
day. The reliability of these controllers and the safety are 
greatly enhanced by enclosing them and thus protecting work- 

843 



McLAiN: FOUNDRY CONTROLLERS 


[April 15 



men from live parts, and also the controller from dirt. Figs. 1 
and 2 show simple hand and automatic starters provided with 
enclosing covers. Figs. 3, 4 and 5 show a recent development 
which has been brought about by the great attention which is 
now being given to safety. These illustrations show a totally 
enclosed self-starter with line switch, fuses and two contactors 
for automatic starting. The contactors are controlled by a 
push-button station. The cover is so interlocked with the line 
switch that it cannot be opened at the bottom unless the line 
switch is open. The line switch cannot be closed unless the 
cover is closed. As shown in Fig. 3, the cover can be locked 
so that an unauthorized person cannot tamper with the fuses or 
other parts of the controller. As shown in Fig. 4, the cover 
can be locked in an open position so that the switch must re- 
main open and no power can be applied to the motor. This 
idea of enclosing all exposed live parts and providing maximum 
protection to workmen is gaining in popular favor every day, 
and I believe all controllers which are near workmen, especially 
those on cranes, where the operator is always close to the con- 
troller, should be thoroughly covered. 

Lifting magnets are very valuable in many of the larger 
foundries where large quantities of scrap or pig-iron have to 
be handled. As is the case with so many other devices, it seems 
that the control is the key to the situation here. In large mag¬ 
nets it is difficult and dangerous to disrupt the exciting current 
suddenly because the long induced arc burns up the controller 
parts, and the high induced voltage will ultimately destroy the 
insulation of the magnet winding. To overcome these objec¬ 
tions, a discharge rheostat is connected to the solenoids before 
the exciting circuit is interrupted. Of course, the discharge 
rheostat causes the magnet to be very slow about losing its 
magnetism, and consequently in releasing its load. Controllers 
are provided with a spring-return reverse point which gives, 
through preventive resistance, a partial reverse exciting current, 
so as to hasten the release of the load. Reverse excitation 
need not be used except where it is advantageous to gain time 
by so doing. 

The controlling devices used for arc welding equipments and 
electric furnaces are usually combinations of hand and auto¬ 
matic control and are comparatively simple. 

Arc Welding, The standard arc-welding generator delivers 
power at from 60 to 75 volts, and the amount of current used 
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Fig. 1—Completely Enclosed Hand Starter for Direct-Current 

Motors 
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Fig 2—Three-Point Automatic Starter with Sheet Iron En¬ 
closing Case for Direct-Current Motors 
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Fig. 3—Two-Point Contactor Panel 
FOR Small Direct-Current Motors 
Providing Safety Protection to 
Operator 
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Fig. 4—Two-Point Contactor Pan 
FOR Small Direct-Current Moto 
Providing Safety Protection to 

Operator 
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Fig. 5—Two-Point Contactor Panel for Small Direct-Current 


Motors Providing Safety Protection to Operator 
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is varied by a rheostat in series with the arc. In small ca¬ 
pacities a dial switch is used and in large capacities knife blade 
switches give better results. 

In order to protect the generator against overloads and make 
it unnecessary for the operator to leave his work to close circuit 
breakers, an automatic protection is given by a series relay 
controlling a shunt contactor that normally short-circuits a 
preventive resistance. When too much current is taken, the 
preventive resistance is connected in series with the arc and the 
operator is prevented from injuring the generator and disturb¬ 
ing other operators. 

Arc Furnaces, The use of arc furnaces in refining steel 
requires a constant power control, which is obtained by a balanced 
current relay controlling contactors for starting, stopping and 
reversing the electrode motors. This control has advantages 
over devices formerly used, especially in comparative freedom 
from opening the main oil switch. A double-throw switch is con¬ 
nected in the control circuit whereby the control can be operated 
by hand on starting the furnace, and thrown over to automatic 
control as soon as the furnace reaches normal operating con- 

.7 

ditions. 

Electric Resistance Furnaces. In electric resistance fur¬ 
naces, operating at lower temperature, such as are re¬ 
quired for various kinds of heat treatments and melting non- 
ferrous metals and alloys, a constant temperature control is 
used. This is accomplished by varying the voltage impressed 
on the furnace by taking advantage of the characteristics of the 
resistor, which in this type of furnace decreases in resistance as 

the temperatrue increases, and vice versa. 

By manipulating a simple relay the contactors are arranged 
to connect the resistor to a low voltage when the current has 
increased to a certain point, and to a high voltage when the 
current has decreased in a similar way. The operation of this 
control equipment has been very successful, the chart obtained 
from a recording pyrometer giving practically' a straight line. 

Crane Control 

The crane is the most important, as well as the most expensive, 
electrically-operated machine in a foundry, and consequent y, 
a very careful, scientific study of the requuements should be 
made before selecting cranes. The distribution of heavy and 
light cranes over the floor should be made to suit the work. 
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very good solution of this problem in a large foundry is to have 
large overhead cranes and small sidewall traveling cranes, which 
serve as feeders to the large ones and which can pass under 
them. 

Maximum full-load hook speed, for which the motor is geared, 
is of vital importance. A careful analysis of the amount of 
work to be done and the delicacy of the operations should be 
made, and the proper speed determined from this. It is clearly 
evident that a locomotive, geared to run at 60 miles per hour, 
would not pull uniformly or slowly enough when drawing a 
thin pattern from the sand, and furthermore this high speed 
would be of no advantage in increasing the output of the foundry. 
The temptation is always to make the speed as great as possible, 
but there are certain definite limits beyond which it is not 
advisable to go. Forty feet per minute is a speed which has 
met with very general favor on five-ton cranes, and even 60 
feet per minute is in use in at least one merchant foundry where 
every conceivable kind of work is done. Fifteen feet per minute 
is quite common on larger cranes. The only trouble on cranes 
geared for the higher speeds, is that at times a uniform creeping 
speed of some low value, around one to five feet per minute, 
must be obtained for drawing patterns, etc. With direct current 
it is not so hard to obtain this creeping speed, whereas with 
alternating current it is very hard unless the crane is geared 
for a lower speed than the direct-current crane. In either 
case, a-well-built crane, a good system of mechanical brakes 
and such other things, make a decided difference in the accuracy 
of control. However, with all other conditions equal, alternating 
current is at a disadvantage. 

I know of a case where a crane was designed to take care of 
only one kind of work, and when this crane was first proposed, 
40 feet per minute was, as a matter of course, chosen for the 
proper maximum hook speed. The crane was to be used 
for drawing very thin patterns and was to be driven by al¬ 
ternating-current motors. An investigation of the exact cycle 
of operation of the crane showed that a hook speed of 12 ft. per 
min. would do just as much work in a day as would 40 ft. per min. 
With this lower hook speed, alternating current was ideal in 
operation. Indeed, there are few cases where it is necessary 
to change the form of power from alternating current to direct 
current merely to accommodate foundry cranes, provided the 
crane itself is built properly, fitted with the proper mechanical 
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load brakes and the maximtim full-load hook speed is of the 
correct value. 

On a crane running at 60 ft. per min., or less, a controller, 
viewed from the standpoint of the operator, really needs only 
two points for hoisting and two points for lowering. The 
first point should give a uniform creeping speed regardless of 
the load, and would be used for performing delicate operations. 
The second point on the controller should give maximum speed, 
and would be used for making quick trips in transferring the 
material. Of course in ordinar}^ commercial controllers more 
than two points of control are necessary in order to transfer 
the motor speed, without undue shock, from the creeping speed 

to the maximum speed and vice versa; 
and there is no objection, from an 
operating standpoint, to having sev¬ 
eral such points of control. To obtain 
this desired form of control in a 
hoisting direction, a simple rheostatic 
controller can be used, because the 
torque on the motor depends directly 
on the amount of hook load, and the 
speed can be controlled simply by in¬ 
serting resistance in series with the 
armature, or into the secondary cir- 
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Fig. D- bPEED-iORQUE ^ - 

Curves of Wound-Rotor motor, thereby cutting down the Speed 
Induction Motor when ,-q desired point. However, for 
Controlled by 12-Point iQ^g^ng loads, the tendency is for the 
Rheostatic Controller ^ and 

it is necessary either to use dynamic braking control or to equip 
the crane with some form of a “ mechanical load brake.” This 
“ mechanical load brake ” is an automatic friction brakiiig 
device which not only holds back against the falling hook loa , 
but also requires power from the motor to drive it m a downward 
direction; consequently, in so far as the motor is concerned, 
the work and method of control for lowering is very much like 
the conditions when the hook is being hoisted, except that t e 
torque required from the motor is practically constant regard ess 
of the amount of load on the hook, whereas in hoisting, the torque 

depends directly upon the hook load. _ 

Fig. 6 shows the speed-torque curves of a wound-rotor induc¬ 
tion motor on the various points of a 12-point rheostatic control- 
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ler, arranged for foundry service. The object to be attained in 
laying out such a controller is to provide rheostats of sufficient 
value and also a sufficient number of controller points, so that 
as low a value of creeping speed can be obtained as is desirable 
or necessary for whatever range of torque values the motor will 
encounter. This particular controller is so arranged that for 
any value of torque between 18 per cent and 200 per cent, 
a point can be found on the controller which will give a speed 
of about 25 per cent or less. By using a larger number of 
controller points, the value of creeping speed could be kept still 
lower. In fact, from a strictly theoretical standpoint, by using 
an infinite number of points, any desired creeping speed of a 
uniform value could be obtained. However, under practical 
conditions, there are certain limitations to the benefit which could 
be thus obtained. 

The slip of a motor for a given torque varies on each of these 
controller points inversely as the square of the line voltage, 
and this element alone upsets theoretical results. Furthermore, 
when the gearing of a crane is revolving at low speed, the torque 
required on the motor is not absolutely uniform but varies 
sometimes with a slight eccentricity of some part, or as the 
gear teeth mesh in and out. The resistance elements change in 
value with temperature. Furthermore, there is always consid¬ 
erably more torque required in order to break static friction when 
starting the load than is later required to hoist it. All of these 
variable quantities tend to produce a non-uniform creeping speed 
on this form of motor; consequently for an operator to maintain 
a uniform—or practically uniform—creeping speed, it is necessary 
for him to be continually passing the controller from one point 
to another. Under such conditions, the advantage to be ob¬ 
tained in having a very large number of points disappears, and 
it becomes more important that a controller be provided whose 
design is so substantial and positive that the controller itself 
does not introduce any more variables into the system than al¬ 
ready exist. The resistance material should be made ample 
in quantity so as not to change its ohmic resistance appreciably 
due to temperature; and the controller handle should be so 
made that its movement is relatively large in proportion to the 
amount of change in motor speed which it produces. 

With a controller arranged as is shown in Fig. 6, and provided 
with large travel of handle and substantial type of resistance, 
it is easily possible to handle, on a well-designed crane, any 
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kind of foundry work for maximum hook speeds up to something 
like 40 to 60 ft. per min. However, a great deal of care would 
be required from an operator to obtain the desired uniformity 
of speed control when trying to maintain a speed of around 
10 per cent. On account of this, it is not advisable to use such 
a high maximum hook speed where a large percentage of the 
time is spent in maintaining such a creeping speed. In a large 
number of merchant foundries there is, of course, only a rare 
necessity for having extremely low speeds and at all other times 
the high maximum speed is of great advantage. 

I have made a few calculations which show, in definite fig¬ 
ures, how quickly an operator is required to turn his controller 
from one point to another in order to keep the speed down to 
a low value. 

s. 

Assume a load requiring 100 per cent torque from the motor 
for hoisting, but, as is usually the case, assume that 25 per cent 
extra torque is required to break static friction. It will, there¬ 
fore, be necessary to turn the controller to point seven. Fig. 6, 
before the motor will start. The motor will accelerate to 30 
per cent of normal speed if the controller is left on this point. 
The area ABC represents the value of torque available for 
accelerating. If we assume that 100 per cent of the motor 
torque would be required to accelerate the load, crane and motor 
parts to full speed in one second, we have the following speed¬ 
time curve: 


5 per cent speed in 0.128 second 
10 “ “ “ 0.284 ’ " 

15 " “ “ 0.484 " 

20 " “ “ 0.774 " 

25 “ “ “ 1.224 " 

Since it is an easy matter for *a trained operator to act in less 
than 0.2 second, the operator will have ample time to turn back 
to point 6 before the speed reaches more than 7| per cent. The 
hook would then proceed at a uniform speed of 5 per cent on 
point 6. The above statements, of course, presuppose absolute 
uniformity of supply voltage and frequency, also uniform torque 
requirements from the motor. 

In order to compare operation with an infinite number of 
points as against a definite number of points, I have drawn 
in the dotted line between point 6 and point 7 (6^), This rep¬ 
resents the speed-torque curve which gives exactly the correct 
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value of torque to start the load, viz., 125 per cent. On such 
a point, we would have the following speed-time curve: 

5 per cent speed in 0.218 second 
10 “ “ 0.514 

15 “ 1.014 

It will be seen that on this point the motor would attain a 
uniform speed of 20 per cent unless the controller were turned 
back to a position corresponding to point 6, and it is, therefore, 
evident that there is no particular advantage in having an 
infinite number of points unless perhaps it gives the operator 
a little bit more time in which to act. However, unless such a 
controller is so constructed that the travel of the handle, corre¬ 
sponding to a change from one torque curve to the other, is 
large, such an advantage immediately disappears. Since the 
total travel of the controller handle is necessarily limited to 
that which is convenient for an operator’s hand, the limit to 
the advantage of adding to the number of controller points is 
quickly reached. 

A third speed-time curve has been calculated for a condition 
of load that requires 50 per cent of the motor torque. Under 
this condition, with a static friction requiring 62| per cent to 
start, point 5 would have to be used and the speed-time curve 
would be as follows: 



5 

10 

15 

20 

25 

30 


per cent speed in 0.18 second 

« « « Q 39 « 

* « « « 0.64 

“ “ “ 0.95 “ 


u 

u 


« “ 1.37 

“ “ 1.99 


u 

a 


It will be seen that the operator will have ample time to turn 
back to point 4 before a speed exceeding 7| per cent is reached. 
In this case he would have to jog along between points 3 and 4 
in order to maintain a speed less than 7^ per cent. As stated 
in the paragraph above, all of these calculations presuppose 
that several factors remain constant, whereas in fact these 
factors do not remain constant, and for this reason a great deal 
of skill and attention is required of an operator in order to main¬ 
tain a speed as low even as 10 per cent. 

When a direct-current, series-wound motor is used, speed- 
torque curves as shown in Fig, 7 can be obtained by rheostatic 
control in exactly the same manner as is shown for alternating 
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current in Fig. 6. A typical case would be represented by a 
controller which would provide curves, point 1, point 2, point 3, 
point 4 and point 5, and with such a controller the same diflS- 
culty in maintaining a creeping speed would be encountered as 
witji alternating current—that is to say, such a controller would 
begin to introduce some difficulties in operation when used for 
a maximum hook speed greater than about 15 ft. per min. 
However, if instead of point 1 we arrange for point A by con¬ 
necting some resistance in parallel with the armature and some 
resistance in series with the armature and field, then it is a very 
simple and easy matter to obtain the desired creeping speed. 
In Fig. 7, point A is obtained by arranging the resistance so 
that at standstill 170 per cent of normal current flows from the 

line through the series field, and of this 
current, 136 per cent of the normal 
current flows through the armature; 
whereas when the motor is running with 
no torque at all, the voltage across its 
armature will be held down to 27 per 
cent of normal voltage by means of the 
shunted resistance across the armature. 
Curve point A shows that with a load 



Curves of Direct-Cur- motor for hoisting and not over 137^ 

RENT, Seri e s-W o u n d torque to break static friction. 

Motor when Controlled ^ , 

BY Foundry-Type con- ^ ^ 

TROLLER—Hoisting Side speed can be obtained. On 50 per cent 

load, a creeping speed of 16 per cent 
can be obtained. If necessary, another curve lower in value 
than point A can be provided. This curve shows clearly two 
marked advantages for the direct current over the alternating 
current. First, a lower value of creeping speed can be ob¬ 
tained, and second, no especial skill or attention is required 
of the operator in order to obtain it. The controller is simply 
turned to the first point and left there without further attention. 

As mentioned in the first part of this paper, it is required for 
lowering either that a mechanical load brake be provided or 
that dynamic braking be used. Of course on an alternating- 
current motor it is possible to obtain regenerative braking— 
that is, when the motor is driven above synchronous speed it 
acts as a generator and retards the driving load. Such a motor, 
equipped* with a substantial solenoid brake, would give desired 
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maximum speed control of the crane, but would not give desired 
creeping speed control. With direct current it is possible to 
connect the motor for lowering so that any desired speed can be 
obtained uniformly. Fig. 9 shows the connections of a controller 
arranged to give dynamic braking for lowering. Points 1, 2, 3^ 4 
and 5 in Fig. 7 show the speed-torque curves on points 1, 2, 3, 4, 
and 5 of the hoisting side of this controller. Points 1, 2, 3, 4, 
5 and 6 in Fig. 8 represent the speed-torque curves on points 
1 to 6 respectively on the lowering side of this controller. These 
latter curves show that when torque is required of the motor to 
drive the load downward each point of the controller will give 
a certain amount of torque; whereas should torque be required 



Fig. 8—Speed-Torque Curves of 
Direct-Current Series-Wound Mo¬ 
tor WHEN Controlled by Foundry- 
Type Controller—Lowering Side 
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Fig. 9—C onnections of 
Crane Hoist Controller 
WITH Dynamic Braking" on 
THE Lowering Side 


to hold back a falling load, this same point on the controller 
will give this required torque at a slightly higher speed. Con¬ 
sequently there is no danger of the load running away on any 
point. 

Reviewing the above paragraphs, I would conclude by saying 
that for foundry service a careful arrangement of cranes should 
be made to acconamodate the work in the best possible manner. 
The maximum hook speeds for the cranes should be chosen care¬ 
fully and scientifically. For maximum hook speeds of 15 
ft. per min. and less, ordinary rheostatic controllers are prac¬ 
tically always suitable without very special precautions being 
taken to adapt them for foundry service. For maximum hook 
speeds above 15 ft. per min., it is sometimes necessary to go to 
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special arrangements. On direct current, a convenient method 
is to use a shunting resistance across the armature for obtaining 
creeping speed. For alternating current, it is necessary to pro¬ 
vide a larger number of controller points and sufficient resistance 
to reduce the torque at starting to about 25 per cent of normal 
torque. While it is true that direct current gives a nicer and 
more convenient control for creeping speeds, alternating 
current provides good enough control for practically all cases. 
Where a foundry is large enough to admit the use of several 
different cranes, each having a different value of maximum 
hook speed, the shortcomings of alternating current disappear 
altogether in most cases. Even where only one or two varieties 
of cranes are used in a foundry alternating current may give 
entire success, provided most of the creeping speed work re¬ 
quires not less than 25 per cent of normal speed and only a 
small portion of the creeping speed work requires as low as 
10 per cent of normal speed. The success of this latter arrange¬ 
ment depends largely on the excellence of the mechanical load 
brake, solenoid brakes and gearing which are furnished with the 
crane. Where alternating-current power is supplied by a power 
company, it is, therefore, rarely necessary to go to the extra 
expense of converting this power into direct current so as to 
accommodate foundry cranes. 

As a basis of recommendation I would present, for the con¬ 
sideration of those present, the statement that alternating 
current is acceptable when used with a well-built-crane, a good 
solenoid brake and a good mechanical load brake under either 
of the following conditions: 

First: (a) When not less than 25 per cent of maximum geared 
speed is required for delicate operations. 

(b) When torque to break static friction does not exceed 
running torque by more than 33 per cent; or 

Second: (a) When not less than 10 per cent of maximum 
geared speed is required for delicate operations. 

(b) When torque required to break static friction does not 
exceed running torque by more than 25 per cent. 

(c) When the time used up in performing delicate operations 
does not occupy' more than 5 per cent of the total time of the 
operator. 

I hope that the above statements will bring forth enough 
discussion to settle on rules which can serve as a guide. 
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Discussion on “ Industrial Control in the Foundry” 
(McLain), Pittsburgh, Pa., April 15, 1915. 

S. Newlin: In the following discussion it is not my in¬ 
tention to describe any one foundry, but to generalize my re¬ 
marks, portraying as nearly as possible what I consider the 
ideal foundry control from . the standpoint of operation and 
maintenance. 

In the selection of electrical controllers for the foundry, two 
important factors should be considered: First, safety to the 
employee; second, maintenance, with its direct effect on produc¬ 
tion and cost. 

In no other line of the metal arts is the simplicity and safety 
of the equipment so important. The average foundry employee 
has but the remotest conception of the power which he controls. 
It is only when, through carelessness or the faulty operation of 
one of the old style starting rheostats, he is severely burned and 
the equipment damaged, resulting in foundry delays, that he is 
brought to realize the dangerotis features of the equipment 
which he operates. 

We are all conversant with the ordinary foundry conditions, 
the dust-laden atmosphere, which fouls the contacts and bearings, 
and the general carelessness. The controlling element must 
therefore be as fool-proof as possible, with the removal of the 
human element as far as possible. This is obtained by means of the 
magnetic switch, with the push-button station at the operator’s 
elbow, but the switches at a safe distance, properly protected 
from, the atmosphere, yet readily accessible for inspection and 
repair. This type of control is possible on every stationary unit 
of equipment, whether alternating or direct current, continuous 
or intermittent service. 

The operator will readily familiarize himself with its simplicity, 
and its initial cost is soon saved by, power conserved in idle 
periods. 

The lifting magnet has proved one of the most essential labor- 
saving devices about the foundry, yet the installation of a magnet 
means nothing if the proper controlling elements are not correctly 
designed and of liberal proportions to receive the kick from 
the induced voltage upon the release of the current. 

The cranes of the foundry influence the production to a great 
extent; heavy cranes are suitable for certain foundries, while in 
others the light speedy cranes are adaptable. The type suitable 
should be carefully decided by the engineer, with the class of 
work and theoretical tonnage in view. One slow crane can limit 
a shop’s production more than can be imagined. While the a-c. 
motor is an ideal one for crane operation, this type has not been 
accepted as standard equipment in the steel mills and until its 
adoption I do not think it will be introduced into the foundry. 

The practise of today is to utilize the jib crane with pneumatic 
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hoists for all the floor work, such as drawing patterns and 
handling flasks and molds to and from the molding machine, 
with the large speedy cranes to handle spotting of molds, pouring 
heats, taking out and transferring castings. 

Crane operators, as a rule, are anxious to serve your floors in 
the best possible manner, but unfortunately they at times over¬ 
tax their cranes by sudden reversals and plugging stops. 
There are two ways to govern this: 

First, by the installation of complete magnetic control panels, 
using the master controller; second, using the manual controller 
in conjunction with current lockout for preventing heavy loads 
being thrown upon the motor. 

Either type is acceptable, although when installing new cranes, 

I believe that the additional expenditure for the magnetic con¬ 
troller is a capital investment and will return large dividends in 
decreased repair costs and longevity of motors and equipment. 

Limit switches with complete protective panels reset from the 
cage should be provided. However, the crane presents one of 
the most striking examples of abuse of any unit of equipment 
in the foundry and requires the most careful analysis for its 
economical operation. 

Dynamic braking is becoming general on all types of d-c. 
cranes and its purpose and dependability are familiar to all. 

I will state, however, that accurate lowering speeds, essential 
in closing large molds, have become possible only through this 
method of lowering. 

Automatic control of the power house equipment has also 
worked out advantageously—the pumping of service water, the 
fire protection system, the varied speeds of stokers regulated by 
steam pressure, and the control of the motor-driven air compres¬ 
sors, are instances of practical applications of this method. 

In summing up the entire situation, I would advocate the 
installation in all instances of the magnetic control system; al¬ 
though the initial investment is higher, the lower cost of main¬ 
tenance and element of safety will readily cover the additional 
expenditure. 

T. E.^ Tynes: -I thoroughly agree with the gentleman who 
has just preceded me in regard to equipping cranes with automatic 
control. We are doing it just as fast as we can, and our ex¬ 
perience shows that it is a wise thing to do, not only^from the 
standpoint of safety but from the consideration of ^maintenance 
cost. With d-c. control you can get almost anything you want 
now in the way of dynamic braking, both creeping speeds or 
fast speeds, and absolute protection from plugging and severe 
strains due to careless operation . 

Max Hartenheim: Although the author has very completely 
dealt with the speed control, he has not considered the solution 
of the question, where the crane has to be run under widely 
. varying loads at a very wide range of speed, if alternating current 
only is available. The solution is the installation of a variable- 
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voltage control on the crane. It has been adopted in European 
practice. In America, as far as I remember, it is in use at the 
Panama Canal. For large cranes in foundries, ship-building 
yards, etc., where very exact speed regulation under difficult 
conditions must be obtained, the variable-voltage control gives 
the best means to that end. As the speed of the motor-generator 
set can be very high, the price of the electrical equipment will 
not be so much higher. The complicated connections and large 
rheostats for three-phase motors are done away with, while on 
the other hand a good and simple regenerative control for dy¬ 
namic breaking can be obtained. In some cases it will be useful 
to compare this solution with that proposed by the author, as 
the increased first costs might be well counterbalanced by the 
additional advantages, especially for the creeping speeds. 

Brent Wiley: There is one point I did not see mentioned in 
the paper, to which I think it would be well to give more attention, 
and that is the question of the control of the trolley motor. 
In foundry service some of the cranes are used for very rapid 
work; in fact, I do not know of any service where a crane gets 
harder work than it does when it is used for handling materials 
on the floor of a foundry. As a rule, the trolley is geared high, 
and while it is operated by a small motor that has, perhaps, better 
inherent protective features than the larger types of motors, 
there is nothing in service in a foundry that is abused more than 
the trolley motor. We have reviewed tests which have been 
made on 220-volt motors of 7.5-h.p. capacity, normal amperes 
about 30, on service of this nature and found that the plugging 
load would often be as high as 120 to 130 amperes. This con¬ 
dition, undoubtedly, could be improved materially by the proper 
application of a magnetic controller and would not only increase 
the speed of a crane by adding to its working capacity, but would 
also give very material protection to the mechanical features as 
well as to the motor. 

This point is given more consideration in the larger apparatus, 
such as ore bridges, where it is, of course, a more important 
factor, and it has been found in a number of cases that the 
machine could really do more work when the gear reduction 
was increased, actually reducing the normalspeedof the trolley. 
This shows that with the small reduction, the acceleration was 
being accomplished at too high a rate to be as effective as pos¬ 
sible. I think that present troubles could be reduced and more 
work accomplished if this point were remedied in many existing 
cranes where at the present time the motors are very severely 
overloaded and abused. 

James Farrington: In regard to manual control versus the 
magnetic control, I differ from one or two of the gentlemen who 
have spoken. I have found very good results with manually 
operated controllers, where the motors are small, especially if 
the crane is subjected to outdoor conditions, where you must 
protect your automatic controller. In the use of dynamic 



1915] 


DISCUSSION AT PITTSBURGH 


857 


braking, as you all know, there is one weak feature, namely, in 
the armature circuit opening up; and if the operator should fail 
either to throw the controller off or pull out the switch, the load 
will drop. I have overcome that by using a series switch, 
that is, operated in series with the armature circuit, when 
current is above zero. If the armature circuit opens up, the 
series contactor is deenergized and falls open: This opens the 
series field circuit in which the solenoid is connected, allowing the 
electric brake to set. If the operator becomes excited and fails 
to throw off his controller, it will automatically stop the load. 
We had occasion to go into that because an operator became 
excited, and failed to throw off his controller, and we lost an 
armature by his action. To eliminate the trolley wire trouble 
we have used iron bars; that is common usage. We have 
eliminated the common returns, another factor of safety. A good 
many of the small crane manufacturers still continue to send out 
a crane with a common return; therefore, if you have trouble on 
one of the trolley wires, it is manifest on several of them. 

S. C. Coey: It is rather interesting to note how much of the 
apparatus used in the foundry is in general use throughout the 
plant. Mr. McLain made some mention of lifting magnets and 
of the troubles which develop in them. I might say in connec¬ 
tion with lifting magnets that with any of the modern magnets 
today we find we have less trouble than with any other type of 
electrical apparatus. The greatest amount of trouble is, as has 
been noted, in the controller, and the control of lifting magnets 
is a problem that is not very easy of solution. I know that 
some years ago I thought I could build a controller myself that 
would be considerably better than those in the market, and I 
built a large face plate controller and it lasted an hour and a half 
before burning up. 

In the matter of arc welding, I believe there is one point over¬ 
looked quite generally, and that is the effect of the ultra-violet 
and infra-red rays from the electric arc on the eyes of the operator. 
Only yesterday I had a representative of one of the small sheet 
mills come down to see me, regarding arc welding. He was the 
man who actually did the work. I was questioning him about 
the type of glass they used in the hood, and he told me he had 
obtained a blue glass in town and was using that in the hood; 
- but that he did get some headache even with the use of this glass. 
Now, this is rather a general experience, and one that cannot be 
dwelt on too strongly. In our own concern, we went through 
the same phases of development. W^e had a blue glass on our arc 
wSders, ?nd the men who operated the welders always com¬ 
plained of headaches, and would lay off every couple of weeks for a 
day or so. We knew that the effect of ultra-violet rays, at the tem¬ 
perature of the electric arc (6400 deg. fahr.), was greater 
than anything we had around the steel plant, but we did not app:^- 
ciate that the effect was so much greater that it would decrease^the 
efficiency of our operators. It was not until our medical examiner 
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was installed and he had kept a record of these various points, 
that we were brought to a realization of what it meant to elimin¬ 
ate the ultra-violet and the infra-red rays from the electric arc 
light. There are a number of glasses put out by the optical 
companies now that we believe will accomplish this purpose, 
but we are not absolutely sure. For that reason, this is one of 
the places where it is vitally important that the company should 
install a system of inspection and medical examination of the 
men to see just how that eye strain is affecting the operators on 
the arc welding machines. 

Another thing in electric arc work that has been done, and is 
still being done, I suppose, is the use of 220 volts for arc welding 
work. In plants having a 220-volt d-c. system, water or grid 
resistance is often used on the 220-volt circuit for arc welding. 
It is practically impossible to draw an arc, either a carbon arc or 
steel pencil and keep it up to 30 or 40 volts, unless 65 to 70 volts 
is the operating voltage. With a 220-volt power line the opera¬ 
tor at times gets the arc greater, and increases the voltage across 
the arc. The effect of this is to burn the material, and in a num¬ 
ber of places where they have tried this type of arc welding, the 
whole application has been condemned, simply because the 
welds made were being burned. I know of two plants where 
arc welding has been absolutely condemned, and on the final 
analysis that was the whole cause for the condemnation. 

I have been asked at what current values we were running arc 
machines. On very light work we run as low as 75 amperes on the 
secondary circuit at about 65 volts. For ordinary welding work 
we are running at 150 amperes at 65 volts, and for some very 
heavy building-up work, we are running at about 400 amperes. 

In crane control for foundry service, the matter of alternating 
versus direct current has been brought up. In the bridge and 
trolley it is practically possible to get as good results with 
a-c. control as can be obtained with d-c. control; but in the 
hoist control I believe the factors which favor direct current 
make it advisable to use it, if possible. On divided power and 
dynamic braking control for hoist motors on cranes, d-c. hoisting 
gives a flexibility that it is impossible to obtain with alternating 
current. 

The greatest factor, in my estimation, from our experience 
along this line, is the mechanical brake. At the present time 
we have over one hundred cranes equipped with controllers 
that have the same fundamental electrical characteristic as that 
shown in Fig. 7 of this paper. Before that time most of these 
cranes were equipped with a mechanical brake, and we found on 
investigation that over half of our troubles in the cranes were 
directly traceable to the mechanical brake. We have replaced 
the mechanical braking equipment with a divided power and 
dynamic braking, hoist control, using two series brakes. In 
order to overcome the unsafe point of this control which has been 
pointed out by Mr. Farrington, we have always installed, and 
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are installing double trolley circuits on the armature circuit of 
the hoisting motor. 

Mr. Farrington made the point that he had put a series relay 
in the armature circuit of the hoisting motor to break the circuit 
in case there is an opening of this circuit. I really cannot see 
how that will overcome all the possibilities for trouble there. 
Suppose we have a circuit such as is shown in Fig. 7 of the paper. 
If a series relay is put in the armature circuit, after the current 
divides at the middle point, one circuit going through the series 
field, series brakes and resistance, and the other circuit through 
the armature and external resistance, at that point^ with over¬ 
hauling load, there will be just sufficient power to drive the load 
and the current in the armature will drop to zero. Then the 
current in the armature circuit will reverse and the motor will 
act as a generator. 

The point I bring up is that if the series relay is in the armature 
circuit when the point of zero current is reached, the relay drops 
out and throws the circuit breaker out. If it is in the fi^ld cir¬ 
cuit, then you can have an open circuit in the armature circuit, 
and will still have the divided power circuit, through the brake 
coils, through the series coils and through the resistance to the 
other side of the line; and the series relay is^ not a protection. 

Personally, I have come to the conclusion that the only 
protection against this type of accident is to install in all crane 
cages, notices that in case of the load starting to run away the 
controller must be brought to the off point, and it is right there 
where we have to educate our employees. We can protect 
the apparatus to a certain point, but after that point is reached, 
in order to secure safety, we must have a man in the cage who 
will be able to do something to prevent an accident, if one should 
be impending. 

Now, in any type of crane control, if you have dynamic brak¬ 
ing, using a-c. control, with a motor-generator set to give you the 
direct current for dynamic braking, and the power goes off, you 
have the same condition. If you have a mechanically braked 
crane, and the shaft of the mechanical brake should break, then 
the operator has to go to the off position, or his load will run away 
and he will cause an accident. I do not see how we can get 
protection on dynamic braking hoist control by any relay which 
will absolutely protect against an opening of the armature 

circuit. 

There is one other protective feature we are using at present 
and find very satisfactory, and that is on the over-travel in the 
hoisting craAe. We use this on foundry cranes and all other 
cranes in the plant. In the equipment that we are using-—and 
the same type of equipment in its electrical characteristics is 
now being manufactured by two different companies the limit 
switch disconnects the motor from the line, reverses the armature 
leads with respect to the field leads, and then brings armature 
and fields in a closed circuit with resistance, The necessity of 
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reversing the field leads with respect to the armature is simply 
due to the fact that unless they are reversed, the tendency at the 
armature to generate current will reverse the current in the 
field, and the residual magnetization in the held, instead of being 
built up, will be immediately killed, and no dynamic braking 
effect results. Hence it is necessary to reverse the leads, in order 
to build up the residual magnetization and get dynamic braking 
power. 

Francis J. Burd: Considerable thought has been given this 
problem of preventing the load dropping, in case the arma¬ 
ture circuit is opened. I agree with Mr. Coey that it is difficult 
to obtain this protection with the series switch. The best arrange¬ 
ment I have heard of is the use of a mechanical governor on the 
hoisting motor, and connecting the contacts of the governor^ in 
series with a shunt switch, to break the line circuit, cutting 
power off in that way to set the brake. 

In regard to crane control, especially as applied to a-c. motors, 
it would seem from Mr. McLain’s paper that a number of con¬ 
trol points are essential; therefore it would appear that a face 
plate type control is more adaptable for a-c. crane motors 
than the drum type, because more points are afforded on the 
face plate than the drum type. Of course, the face plate 
type has the objection of being open, with its live parts exposed 
to the operator and dust which is always present in foundries. 

With reference bo Mr. Coey’s remarks on safe limits for craries, 
he mentioned two types, with one of which I am very familiar. 
This type operates in the manner described by Mr. Coey; that is, 
when the limit stop is tripped by the crane hook, the line power is 
disconnected and the armature circuit reversed and connected 
across the series field in series with a resistance. With the stop 
in this position, it is still possible to lower the hook at a low speed 
by turning the controller in the down direction. It would seem 
that safety limits on cranes should be arranged to give absolute 
protection, in view of the possibility of dropping the hook and 
load on workmen. I believe it is today carried out along the lines 
suggested by Mr. Rushmore, in that we do try to educate the 
operator toward safety as far as possible, in addition to providing 
safety features in the crane control system. I would offer the 
suggestion that the crane limit stops be arranged in such a 
manner that after they are tripped the operator would be put 
to some inconvenience to reset them, or arranged in such a 
manner that the crane could not be operated again until a com¬ 
petent person from the electrical department could reset them. 
This would have the effect of keeping the crane men alive to the 
job, in that they would either be put to inconvenience or they 
would be open to censure, if they did not handle the apparatus 
properly. 

C. W. Bartlett: We have developed an electric resistance 
furnace, and in the bulk of the work the object has been three¬ 
fold: To obtain a device which will give us absolute control of 
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the temperature in the working chambers; second, a heating 
chamber which will give us a reducing atmosphere, so as to 
eliminate the losses of oxidation and scaling; and third, to make 
the furnace as efficient as possible. A principle of the design 
is to construct the furnace in general appearance so that it 
closely resembles the ordinary oil-fired furnace, and line it with 
a substance which has a negative temperature coefficient, so 
that when we apply current to the furnace at first it is at a higher 
voltage than we use when operating at the normal temperature. 
Of course, as the temperature rises' more current flows, and if 
we left the voltage constant the temperature would attain a 
value which would cause the lining of the furnace to burn out. 
We provide with the furnace a transformer having sets of taps 
on the secondary side of the winding (for example, 100-50 volts, 
90-45 volts, 60-30 volts) and a panel upon which there are mounted 
two contactors and current limit relays. It is obvious that when 
the current builds up to a predetermined value, which corresponds. 
to a certain temperature in the heating chamber, the overload 
current relay drops one contactor and throws over a high-voltage 
tap to a low-voltage tap across the furnace. The temperature 
tends to lower slightly. The moment it is lowered to the point 
where the temperature in the furnace is decreased a very few 
degrees, the unloaded current relay operates, and throws the 
higher voltage back across the furnace. So the operation is 
continually throwing from a volt to a volt and a half across the 
terminal of the furnace, the furnace itself acting as a huge 
thermostat. The object of having several sets of taps is to 
permit adjustment for voltage constant at 1000 deg. cent,, or 
800 deg. cent., or in fact any temperature value from about 600 
or 700 deg. cent., down to 500 deg. cent. 

The life of the furnace is much greater than the corresponding 
oil furnace, because you do away entirely with the blast of the 
oil flame or gas flame, the heat being a slow, penetrating, radiat¬ 
ing heat. . 1 -t r -L X* 

Another result is accomplished by this method of heatup 

We put a billet in the oil furnace, which we want to raise to 1200 
deg. cent., and this tremendous blast of heat is applied to the 
outside of the metal. Now, the temperature of that flame or 
the heating element, may be considerably higher than the 
temperature to which you wish to raise the material. Therefore, 
the outside of the material may come ^to the temperatup at 
which you want to work it, but the interior of the material is not 
so hot and therefore in forging, if you are using it for that work, 
the metal will not flow uniformly. With the electric heat, you 
do not get in your furnace a temperature above the point to 
which you wish to heat your material, and therefore you can et 
the billet stay in the furnace indefinitely. The interior ot it 
becomes just as hot as the outside; in other words, the outside 
does not become overheated, does not burn. Tms gives a 
billet heated uniformly, so when it is put under the hammer 
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it flows the way the workmaii wants it to flow. The furnace is 
especially well adapted for annealing work and for tempering 
work, and we are experimenting now with a furnace for brass 

melting work. . . i 

D. B. Rushmore: The chief point involved in this subject of 

control, which has been mentioned a number of times, is how far 
you can rely on human nature and how far you can prevent a 
man from doing the work. As Mr. Herbert Spencer says, 
** Always assume things are going wrong, and work from that 
point of view. 

I was talking with a hoisting man employed by a large mining 
company, and he told me that some time ago when he was hoist¬ 
ing, his impression at one time was that the skid was down at 
, the bottom of the shaft. He looked at his index and saw it was 
at the top. He dropped the handles at once, because he knew 
he had reached the point of mental exhaustion, and knew it was 
dangerous for him to go on. That is one of the many points to 
decide—how much to leave to the operator, and how much to 
automatic features. 

J. S. O’Donovan: I will ask a question regarding the use of 
the electric resistance furnace for tempering. I have had some 
experience along the lines of tempering, and as this subject has 
been touched on, I ask if there is any one who knows of a way to 
temper high-speed steel successfully in an electric furnace. You 
might say—* Why, yes, we can,’' but in the pipe business a 
peculiar condition exists. We make dies, and retemper them 
frequently.. * After you have tempered the dies perhaps three or 
four times, you find the steel has lost most of its original hardness. 
For instance, we will start out with a temperature of probably 
2600 deg. fahr. Later on, after tempering probably six or seven 
times with the same steel, you find that you have to run the 
temperature so high that you will blister and spoil the steel to 
get the proper temperature for hardening. I ask the question: 
Is it possible in electrical furnaces to overcome that chemical 
action, which must take place in the high-speed steel, to overcome 
that tendency of denaturizing the steel to the extent of not being 
able to get sufficient temper at ordinary temperatures ? 

C. W,’Bartlett: I think that is more a question of chemistry 
than it is of electricity . I can only say this—I believe there have 
been some forms, of electric furnaces of the bath type for tem¬ 
pering high-speed steel. It has been claimed at times that the 
bath had a chemical reaction upon the steel and absorbed certain 
parts which are in its composition. I am not prepared to say 
that is so or is not so. I will only add that in the electric furnace 
work, we are now making an equipment which we will use 
expressly for experimenting in tempering high-speed steel. A 
few months later we will be prepared to say more about this 
matter than we are at the present time. 

James Farrington: I would like to take issue on the point 
Mr. Coey brought up about the series contactor on the dynamic 
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brake. If you use an auxiliary holding-in coil, that switch 
will stay closed to zero current; but in many cases the current 
will not fall below 10 amperes. Should the desired lowering 
speed produce zero current in the armature circuit, then you may 
decrease the speed just a little, not enough to be noticeable, but 
enough to eliminate that critical zero current. I think you will 
find it will work. 

^ Palmer Collins (by letter): Mr. R. H. McLain gives a descrip¬ 
tion of the controller for small motors which provides for safety 
most thoroughly; however, I should think that it would be a much 
better controller if it were not made to be inoperative when the 
cover is open. If this cover were locked and opened only by 
authorized persons, it would be possible to observe its operation. 
As it is designed at present, in case of trouble, it seems to me from 
the description that it would be impossible to operate it and see 
what was going on inside. 

C. D. Gilpin (by letter): I have been much interested in Mr. 
McLain’s analysis of the operation of a-c, cranes at low speeds, 
and I have worked out a typical case based on step 6|, Fig. 6. 

Assuming a load of 10,000 lb,, a speed of 40 ft. per min. and 
an efficiency of 80 per cent, the normal load on the motor would 
be 15 h.p.’ .The equivalent weight at 1 ft. radius of the rotor 
might possibly vary anywhere from 25 lb.' to 65 lb., depending 
upon the design of the motor and the factor of safety which 
might be allowed as to size. Assuming this value at 50 lb. 
and the full load speed at 690 rev. per min., the equivalent rotor 
weight at rope speed = 50 X 0.8 X (2 tt 690)^ 40^ = 470,0001b. 

Assuming the equivalent weight of gearing is 10,000 lb., the 
total equivalent weight at rope speed — 470,000 + 10,000 + 
10,000 = 490,000 lb. 

Fifteen h.p. is equivalent to 10,000 lb. pull at the rope; 
therefore, if T = motor torque in per cent of torque at 15 h.p., 
and F == force at rope, then F = 10,000 100 X r=100 T. (1) 

Also, acceleration = A — Fa g-^W = Fa 32.2-=-490,000 = 
15,200. (2) 

If starting torque = 125 per cent of torque at 15 h.p., the 
average acceleration torque = Ta = (125 - 100)2 = 12.5 per 
cent. Fa = 100 X 12.5 - 1250. 

Average acceleration = 1250 -p 15,200 = 0.082. [See (2) ]. 

The normal speed for this controller point = 0.20 X 40-r-60 
= 0.13 ft. per sec. The time to accelerate to 0.13 ft. per sec. 

= 0.13 0.082 = 1.6 seconds. 

If it is desired to notch the controller back by the time the 
speed reaches 10 per cent of normal, the average acceleration 
torque will be 

/25 + "19 X 25 ) “ = 18,8per cent of full load torque. 

V 20 / 2 


Fa = 1880. 


A = 1880 15,200 = 0.124. 
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Since the speed = 0.10 X 40 60 = 0.067 ft. per sec., the 

time to accelerate will be 

0.067 -r 0.124 = 0.54 second. 

Even with a rotor having half the weight of that assumed in 
this case, it would appear that Mr. McLain’s figures are on the 
safe side. His figures are based on the excess of the friction of 
rest over that of motion, and ignore inertia, whereas I have ig¬ 
nored the friction of rest and worked from inertia only. The 
true condition, of course, lies somewhere between these two 
assumptions. 

The writer would be interested to know if Mr. McLain has 
made any experiments hoisting at low speeds with one leg of the 
rotor circuit open. 

R. H. McLain: In regard to Mr. Newlin’s remarks and the 
remarks made by several other gentlemen, I will say it is not the 
purpose of this paper to establish the fact that alternating cur¬ 
rent should not be used at all, or should be used altogether. I 
think it is a well-recognized fact that direct current can do all 
of this work, but the point is, it is advisable to know for economic 
reasons just how far you can go with alternating.current. I 
always made the assu^mption that we had a good mechanical 
load brake. I have not gone quite far enough with that. I 
should say that the severity of the service often determines 
whether any mechanical load brake which has been so far made 
can actually do the work. When you come to most severe ser¬ 
vice on lowering, there is no question but dynamic braking 
is the only thing which will stand up. 

As to whether alternating current actually has been used or 
not, I know of numerous installations where it has been used 
with success, but none of these on really severe work, so much so 
as to wear out the mechanical load brake too rapidly. 

Mr. Newlin also brought up the question of magnetic control. 
I heartily agree with all that has been said-—^magnetic control is 
the thing to be used in all cases, and the only thing that limits 
the use of it is the expense; but we should use it as far as we can 
afford to pay for it. Of course, there are certain small foundries 
handling small material where it is hardly worth while to put in 
a magnetic control—the magnetic control would be larger than 
the crane, but the Pittsburgh steel mill district has none of 
those cranes. 

In regard to the variable-voltage control for this class of work, 
it certainly gives ideal results, and in general the only reason 
it is not used at present is that it costs more than any other form 
of control, both for first cost, and also for power consumption. 
The motor-generator set would be running light all the time. 
Even the busiest cranes in steel mills are surprising as to the 
very small amount of power they consume. The small motor- 
generator set going continuously will consume more power. 
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I was very glad to hear Mr. Farrington come forward with a 
suggestion as to over-speed protection. Personally, I think that 
a good many forms of relays can be used to give this protection, 
but I am rather inclined to agree with Mr. Burd that the only 
absolute protection would be some mechanical device. A device 
does not have to be absolute, to be practicable, because something 
else might break; but to get absolute protection I think some me¬ 
chanical device would be better than any other form. It would, 
of course, involve complications in the wiring. 

In regard to the number of points Mr. Burd spoke of, on the 
controller, that particular controller was of the drum type. 
Of course, the same number of points could be given on any 
other type. There were several other questions raised about 
certain points which I will answer at the same .time. 

In regard to the failure of the controller causing the load to 
drop, one gentleman mentioned the advisability of having the 
operator always turn his controller to the off position 
in case anything happened. There are a good many con¬ 
trollers—two trolley controllers, one bridge, and two hoist¬ 
ing motor controllers—and for an operator to know just 
which handle to turn to" the off position as something is 
happening, might tax his thinking powers at that particular 
moment. I think a better thing to do is to have an emergency 
control circuit panel convenient to the operator, installed 
right along with the master controller. The instructions should 
be that in case anything happens the operator is to strike the 
handle of this panel and disconnect the main line circuit. A 
suitable emergency panel consists of a double-throw switch on 
the back of a slate board, with an insulated knob running through 
the board. It is smooth, easy to see and hit, and by its use there 
is no danger of a shock. When it opens, the entire crane is 
disconnected from the line. That is easier than to turn a con¬ 
troller to the off position, and has the advantage that there 
is only one knob to,think of in case of danger. 

Regarding Mr. Palmer Collins’s criticism of the controller 
shown in Figs. 3, 4 and 5, I would say that this is a case where 
‘'you cannot have your cake and eat it too”. This controller 
cannot be operated when the cover is open unless the person 
dealing with the controller knows enough about such a device 
to short-circuit such of the essential parts of the controller^as 
will render it operative. By so doing it can be operated with 
the cover open. However, it is not necessary to open the cover 
in order to make adjustments of the controller, and it is pre¬ 
ferable in making repairs to take it to the shop, where it will be 
easier to disassemble it and correct any faults. It is fair to make 
the assumption that anyone who knows enough about the con¬ 
troller to make it operate when the^ cover^ is open, will know 
enough to protect himself while making adjustments or repairs 
on the controller, and to this extent it is not only fool-proof, bu 

safe. 
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Regarding Mr. Gilpin’s discussion, the speed-time curx’cs in 
the body of my paper were calculated just as Mr. Gilpin's cal¬ 
culations were made. However, instead of as!3uming s|)ecific wil- 
ues of W for the parts as he did,I assumed that the equi\-alent 
weights of all of the moving parts of the hoist, motor, etc., were 
of such value as to require 100 per cent full-load motor ton|ue 
during one second in order to accelerate the total mas,s to full 
speed. I am glad that Mr. Gilpin added this discussion, 
because, while I had this in mind when writing my ])ai)er, I did 
not bring out the calculations in detail. 


Referring to Mr. Gilpin’s question as to the low-speed control 
of an induction motor when operating with one of its rotor wind¬ 
ings open-circuited, I would say that speed-torciuc c-urves 
practically similar to points one, two, three and four in idg. (), 
can be obtained by single-phase operation. The total ohms 
which have to be inserted in the rotor circuit in order to obtain 
a desired starting torque are something like onc-third of the 
total ohms that would have to be used to get the smtuc reduced 
starting torque under three-phase operation. If s])ced-torque 
curves which give initial starting torque as high as five, six 
seven, etc , are attempted with single-phase operation, tlicse curves 
become distinctly distorted and have a tendency to loc‘k tlie 
motor at 50 per cent of synchronous speed. The sincleodiase 
rotor IS very satisfactory for obtaining reduced, torque at starting 
for values of torque less than about 50 per cent of the rated 
to^ue of the motor. This method of control, however, i.s 
lable to give rotor insulation trouble on large motors if tliev 
are not especially designed for the condition. 
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MILL CONTROLLERS 


BY H. F. STRATTON 


Abstract of Paper 

all other types of power 
^ work, probably on account of its superior control!- 
/I almost any type of mill control the obj ect is to start 
stop and reverse the machine and its load in the shortest space 

at constant speed being of minor importance. 
mach^W^ ^ ation of the acceleration of motor-driven 

motor and the ma¬ 
chine IS one of the important factors influencing the time of 

stopping the machines. Analysis is made of the 

J between motor and machine, and equations 

W which can be calculated the best ratio of gear- 

.Stopping, or quick starting and 

thpn?pS?;i determine 

theoretical limitations of speed and acceleration, any deductions 

cons^d t^ necessarily be modified by practical 


T PROPOSE to eliminate from discussion in this paper, 
controllers for: First, motors driving main rolls; second, 
motors on cranes or ore bridges, and third, motors operating 
skip hoists. This confines the subject to that class of controllers 
somewhat vaguely, but rather understandingly, designated as 
mill controllers. This caption will be taken to include controllers 
for the operation of hot metal mixers, charging machines, open- 
hearth furnace doors, soaking pit covers, ingot buggies, mill 
tables of all descriptions; screw-downs, manipulators, shears, 
saws, furnace pushers, cooling beds, etc. 

In the business of making steel there has never been a dis¬ 
position to permit any unproved theoretical considerations to 
loom very large in comparison with proved practical operating 
methods. Any proposed system or method has been compelled 
quickly to establish its just claim to recognition or else promptly- 
be discarded. So far is this statement meant from being a 
criticism, that I wish to say that I thoroughly believe the pres- 
ent practise in regard to mill controllers represents, to a high 
degree, a successful compromise between theory and practise, 
insofar as theory and practise may be considered conflicting. 

867 
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Iti recent paper before the Association of Iron and. Steel 
Electrical Engineers, Mr. Tschentscher said, “The hearty co¬ 
operation of manufacturer and user has resulted in the produc¬ 
tion of reliable electrical equipment, both for generation and 
utilization. Operation costs of such equipment are far below 
that of , any . other type of equipment. Moreover, quality of 
output and the quantity of the same has been greatly improved 
by the application of electricity in the iron and steel industry. 
Lastly, electrical equipment is now so arranged that the result¬ 
ing installations tend to the promotion of the greatest comfort 
and safety to the working force, requiring a minimum tax upon 
its vitality. Electrical engineers in the iron and steel industry 
may well, therefore, look into the future for a larger demand 
upon their capabilities and for the development of their initia¬ 
tive and capacity to the utmost. ’ ’ In almost all writing purport¬ 
ing to deal in a comprehensive way with the manufacture of 
steel, one will find that electric drive is freely conceded as being 
a very important and probably indispensable factor in the 
rapid development of this industry to its present effective 
status. The effectiveness of electric power in a steel mill is 
largely due to the fact that the equipment has been designed 
and built to meet the special requirements of steel mill work 
It is significant that the phrase “mill type machineryV’ means, 
without further explanation, machinery that will stand up to 

its work. , 

In a steel mill, electric power, considered merely as power, 

is no better than steam power or hydraulic power. Electric 
power has largely supplanted all other t 3 rpes of power probably 
because of its superior controllability. One man controls the 
operations of possibly three or four motors which start, stop, 
or reverse the ponderous machinery necessary for the manu¬ 
facture of steel. These operations are performed with compara¬ 
tively little physical or mental effort, they are duplicated in 
their most efficient form thousands of times each day, and 
they are so hedged around with protective devices that the haz¬ 
ard to men and machines has become astonishingly small. 

The manufacture of^steel is essentially a series process; the 
continuity of operation of each step hinges on the preceding and 
succeeding steps being performed regularly and on time; a slow¬ 
ing down of any important part of a mill is equivalent to slowing 
down the entire mill; the output of a fiye million dollar unit— 
and therefore the return on this investment—^may be limited 
by the slowness of the screw-down of the blooming mill 
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Of the entire time and work expended in a mill, a part is 
devoted to actual manipulation of the steel in heating, pouring 
rolling shearing, sawing, and finishing; this part is basic; it 
IS Itself^the manufacture of steel; it may be improved, it cannot 
be eliminated. The other part of the work and time is devoted 
0 t e adjustment of machinery and conveying the steel from 
one operation to the next one; it consists, for instance, in the 
opening and closing of furnace doors and soaking pit covers, 
the transportation of the product by ingot buggies and tables,' 
the adjustment of screw-downs and gages, the movements of 
manipulators. Such operations, although necessary, become 
waste time if they delay the real operations of heating, rolling 
shearing, etc. This, in general, is the class of work to which 
mill controllers are applied. Their general specifications may 
e summed up by saying that it is taken as a matter of course 
if they operate satisfactorily day after day, but it is a matter 
of much comment if they cause a half-hour’s delay. 

In almost any type of mill controller the main object is to 
start stop, or reverse the machine and its load in the quickest 
feasible period of time. The work done at constant speed is 
of minor importance. I believe, therefore, that a general in¬ 
vestigation and analysis of the acceleration of a motor-driven 
machine is a proper subject to be considered in this paper. 

^ In the ensuing discussion of the acceleration of a motor and 
Its load, the entire work performed by the motor will be con¬ 
sidered to be of only two kinds, viz., the inertia load and the 
work load. The inertia load will be taken as the number of 
foot-pounds necessary to make any selected change in the 
rotary or linear velocities of all bodies moved by the motor, in¬ 
cluding its own armature; this is exclusive of any work done 
against friction or in lifting any weights against gravity; it is 
in short, what is known as the flywheel load. The work load 
will be taken as the sum of all the other amounts of work 
necessary for driving the machine; it will be represented for the 
most part by the friction of the machinery, but in some ma¬ 
chines the lifting of weights against gravity will be a part of 
the work load. 

During the process of acceleration of a motor, the torque 
developed by the motor is, of course, go-^erned solely by the 
motor current, the high and low values of which are governed 
by the controller. When full line voltage has been applied to the 
motor, the torque is still dependent upon the motor current. 
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but the motor current is now determined, first, during that time 
in which the motor speed is increasing, by the work load and 
the inertia load, and second, during- the later period of relatively' 
high and constant speed, mainly by the work load. 

In other words, in the complete acceleration of a machine 
driven by a series or compound-wound motor, there are two 
stages through which motor and machine must pass before 
they attain a situation of even instantaneous stability. 

The first stage begins when the armature and the starting 
resistance are connected to the supply lines and ends when the 
starting resistance has been completely short-circuited and the 
armature is receiving full line voltage. As the great majority 
of mill controllers are of the magnetic-switch current-limit 
type, manual controllers will not be considered. The initial 
current peak is determined and limited by the starting resist¬ 
ance, and is generally approximately 150 per cent of rated full¬ 
load motor current. The first and all valley currents are de¬ 
termined and limited by the operation of series current relays 
or magnetic switches. All following peak currents are deter¬ 
mined and limited by the successive sections of resistance per¬ 
mitted to remain in series with the motor. The time and the 
mode of variation between each peak current and its succeed¬ 
ing valley current, are governed by the relation between de¬ 
veloped motor torque and work and inertia loads. With the 
usual magnetic switch controller peak currents may be assumed 
roughly to be 150 per cent, and valley currents 100 per cent, of 
rated full-load motor current. The average shape of the current¬ 
time curve between peaks and valleys may be approximated; 
it curves downward so that the average is somewhat less than 
half the sum of the peak and valley currents. If the character¬ 
istics of the motor are available it is possible to make a fairly 
accurate determination of the average developed motor torque 
during this first stage. With any given machine and driving 
motor, the inertia load is precise and definite; it is the sum of 
the number of foot-pounds that must be imparted to each ro¬ 
tating element to bring it to its final speed; in each case it is 

the product of a constant , the moment of inertia (weight 

o . 

Xsquare of the radius of gyration), and the square of the number 
of revolutions per second which is finally attained. The amount 
of inertia load which is absorbed by any rotating member in 
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attaining any^ definite speed of rotation is independent of the 
time but is directly dependent upon the speed attained. The 
time, however, varies inversely with the driving torque. 

Let T = torque tending to rotate a body without friction; 

N = final speed of rotation of body; 

I = moment of inertia of body; 


t = 
C = 
Then 


time required to accelerate from rest to speed N\ 
a constant. 


/ = 


CIN 

T 


The work load is indefinite and may vary at different speeds 
On a mill table, it certainly increases if the bearings are tight 





if the grease is cold, or if the rolls are warped by excessive 
heating. 

The second stage begins when full line voltage is applied to 
the armature, and ends when the developed motor tor(^ue 
equals the torque of the work load. As long as the motor 
torque is larger than that of the work load, the surplus of motor 
torque is devoted to a further increase in speed. 

Fig, 1 is a graphical representation of the variations in motor 
current and motor torque as they occur in the acceleration of 
a motor-driven machine from rest to a speed at which the work 
load is equal to the developed torque. In the diagram of Fig. 1, 
the horizontal axis represents time, and the vertical axis 
represents, in the case of the lower curve, motor current, and 
in the case of the upper curve, developed motor torque. Con- 
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sidering first the current curve, when the line switch is closed 
at a, the current quickly rises to the peak at h, and the motor 
starts to accelerate, the current dropping until it has reached 
approximately full load value. The first accelerating switch is 
supposed to close at c, giving the peak d, after which the current 
again drops to full load value as at point e. Another accelerat¬ 
ing switch is here supposed to close, giving the motor armature 
full voltage, which results in the peak /. The occurrences from 
the point a to the point /, collectively, form what has already 
been called the first stage of acceleration in the motor. It 
is convenient to extend this stage to the point g, which might 
be described by saying that it is that instant of time when the 
motor current has dropped to its full load value, and when, 
therefore, the motor has attained normal full-load rated speed. 
From the point g to h, the current is constantly diminishing, 
due to a further acceleration of the motor and its load, until, 
at the point h, the motor torque has diminished to such an 
extent that it is equal to that of the work load. The current 
passing through the motor when it has reached a state of con- ^ 
stant speed has been assumed here to be one-half of full load 
current. I have selected this value of motor current because 
it is approximately the percentage of full load motor current 
which I have frequently found would be taken by a motor 
driving a mill table, providing the table is allowed to run con¬ 
tinuously in one direction. In the case of an ordinary series 
mill motor, this would mean a speed about 50 per cent greater 
than normal, and while I realize that many motors driving mill 
tables would attain speeds much higher than this, yet this 
figure will be representative enough to serve present purposes. 

The upper curve j, k, Z, m, n, o, p, indicates the variation 
in motor torque, which, of course, in the case of a series motor, 
varies at a more rapid rate than the motor current. In other 
words, when the motor current varies from full load to 50 per 
cent overload, the motor torque varies from full load to about 
75 per cent overload. Correspondingly, when the motor current 
has dropped to about one-half full load, the motor torque is 
about one-third full load. The horizontal dash line qr is the 
average motor torque developed during that portion of the ac¬ 
celeration of the motor which begins when the line switch is 
closed and ends when the motor armature attains normal full 
load speed with full voltage applied. The horizontal dash line 
5 1 represents the motor torque developed during the remainder 
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of the acceleration and ending when the speed of the motor 
has become constant. 

Any factor that prominently influences the time of starting 
and stopping mill machinery is worth investigating. The ratio 
of gearing between motor and machine is such a factor and is 
one of decided importance. This has been guessed at ever 
since motors were used in a mill. On identical machines in 
different mills—-and sometimes in the same mill—this ratio of 
gearing has varied 10 to 1. In an experience with a good many 
hundred mill controllers, I have seen more troubles traceable 
to poorly selected ratios of gearing than to any other single cause. 

The rest of this paper will be an attempt to analyze the 
effect of the ratio of gearing between motor and machine, and 
to determine what this ratio should be to give the quickest 
starting and stopping. 



Fig. 2 represents diagrammatically any typical mill machine 
and its motor. Besides the armature shaft, there are three 
shafts y, and z. The dotted circles indicate gearing and the 
solid circles indicate the weights rotating on each of the shafts 
X, y, and z. Let these weights be designated respectively 
Wx, Wy and Wz and let their corresponding radii of gyration 
be called kxj ky and kz. Then their moments of inertia are as 
follows: 

Ix = Wxkx^ 
ly'^ Wyky^ 

Iz = Wzkz^ 

Let fx — ratio of gearing between shaft x and armature, so 
that the armature rotates rx times as fast as shaft x; 
ty = ratio of gearing between shaft y and shaft x; and 
fz = ratio of gearing between shaft z and shaft x. 
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Then if shaft x is revolving at a speed of 5 revolutions per 

5 


second, the speed of shaft y 


, and the speed of shaft 


r,. 


The inertia load of any rotating member equals 


27r^ 

i 


times 


its moment of inertia, times the square of its speed. Therefore 
if the entire system is rotating at such an angular velocity that 
the speed of the shaft x is 5 revolutions per second, the inertia 
load of the shafts x, y and s is as follows: 


9'7r2 9'rr^ 92 

Inertia load = - S^Ix H- .--5 ly + 

1 : gry^ 


2Tr^ 


2Tr^S^ 

i 


Ix “h 


ly 



h 


This inertia load would be identically the same if we had 
the condition shown in Fig. 3, where the _ 
moment of inertia of the shaft x is supposed 
to have been increased from Ix^ to 


Ix + 


L 


+ 





MOTOR 


Fig. 3 


In other words, so far as the inertia load of 
a machine is concerned, it may be considered 
concentrated on any one selected shaft, provided the moment 
of inertia of the member on each other shaft is divided by the 
square of the ratio of gearing between that shaft and the selected 
shaft. Or it may be stated that the equivalent moment of 
inertia of one revolving part, at the center of rotation of another 
revolving part to which it is geared, is inversely proportional 
to the squares of the respective speeds of rotation of the two 
parts. 

Referring back to Fig. 2, assume that on shaft x, there is a 
load torque of Fx pound-feet; on shaft y; one of Fy pound-feet; 
and on shaft 2 , one of Fz pound-feet. 

Jl»^f 

If shaft X makes N revolutions, shaft y makes — revolutions, 

Ty ^ 

and shaft z makes — revolutions. 

u 
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Then 

Work load = 2TrNF^ + 2TrN L + 2tN — 

fy f, 

= 2tN I F* + — + — 

It is apparent that the work load would be the same with the 
conditions of Fig. 3, provided, the load torque of shaft x is 



supposed to have been increased from Fxj to Fx + — + 





In other words, so far as the work load of a machine is con¬ 
cerned, it may be considered concentrated on any one selected 
shaft, provided the load torque of each shaft is divided by the 
ratio of gearing between that shaft and the selected shaft. 

The significance of these two laws is that we may consider any 
piece of mill machiner}^—for instance a roller table or a screw- 
down—as being mathematically the equivalent of a body having 
a certain moment of inertia and a certain load torque, both 
the moment of inertia and the load torque being considered to 
be concentrated on one shaft. This shaft may conveniently be 
assumed to be the one to which the motor is geared, and it will 
be assumed that this shaft carries a weight having a moment 
of inertia equal to the sum of the equivalent moments of inertia 
of all parts of the machine and that a load torque acts on this 
shaft equal to the sum of the equivalent load torques of all 
parts of the machine. There is nothing uselessly complicated 
in these assumptions; on the contrary, they permit the use of 
simple computations instead of some very intricate ones. In 
the following discussion a mill machine will be considered as 
a motor geared to a shaft carrying a weight having the equiva¬ 
lent moment of inertia of the entire machine and acted on by 
the equivalent load torque of the entire machine. In short, 
we have the conditions shown in Fig. 3. 

Let h = moment of inertia of machine ' 

J 2 == moment of inertia of armature 
N = number of revolutions to be made by machine 
r = ratio of gearing of machine to motor 
T = mean torque developed by motor, in pound feet 
t = time of acceleration in seconds 
F = load torque of machine. 
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The total work done by motor while the machine makes N 
revolutions 

= 2TrTrN ( 1 ) 

The total work done against the load torque while the machine 
makes N revolutions 

= 2tFN (2) 

The average speed of rotation of the machine is —; hence its 

t 


final speed of rotation is -. 

t 

Similarly, the final speed of rotation of the armature is 
The inertia load of the motor is 


2rN. 

t 


Similarly, the inertia load of the machine is 



87r2/iiV2 

gf 



Now, if the machine starts from rest and makes N revolutions, 

(1) = (2) + (3) + (4) 


2TrTrN = 2TrFN + ^ 2 ) 



From ( 6 ), we get 


1 4:7rN (/i + I 2 



Equation ( 6 ) then indicates the length of time required to 
start from rest and move the machine any definite distance 
corresponding to N revolutions. The following important de¬ 
ductions can be made from equation ( 6 ), 

A. Since the current is proportional to the motor torque T*, 
the power input is proportional to T/; in other words, the kilo¬ 
watt-hours necessary to move the machine, any number of 
revolutions is least when the time, t, is a minimum. 

B. On the same basis of reasoning the heating of the motor 
is least when the time, is a minimum. 

C* The time of acceleration, t, increases as the square root 
of the number of revolutions, i. e., V~nT 

D. Increasing the moment of inertia of either the machine 
or armature, increases the time, L 
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E. Increasing the motor torque, T, decreases the time, t. 

F. Increasing the load torque F increases the time, t. 

G. Tr must always be greater than F, or t will be infinite; in 
other words, the motor would never accelerate. 

The ratio of gearing, r, enters into the equation in a manner 
not simple enough to permit of the determination of its effect 
by inspection. To determine what should be the value of r 
in order that t may be a minimum, the differential of t with 
respect to r is equated to zero. Omitting the various steps of 
the calculus, the following equation is obtained: 




By the use of equation ( 7 ) and knowing the moments of 
inertia of machine and armature, the motor torque and the 
load torque of the machine, that ratio of gearing, r, may easily 
be determined, which will cause the machine to make N revo¬ 
lutions in the shortest time. It is to be noted as important, 
that N does not appear in equation ( 7 ). In other words, this 
most favorable value of r as determined by equation ( 7 ), is 
the same, no matter how many revolutions are made by the 
machine. 

The equations ( 1 ) to ( 7 ) , inclusive, relate to the condition of 
the machine starting from rest and making N revolutions. 
Of equal importance is the condition that the machine, when 
running at any speed, should be brought to rest in the shortest 
time by reversing the current through the armature. 

Let Ji, J2, r, T and F have the same significance as in the 
case of acceleration of the machine. In addition let 


h = time of stopping in seconds. 

S = speed of machine in revolutions per second when 
motor is reversed. 

The inertia of the machine 



The inertia of the armature 


( 9 ) 
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The average speed of the machine in revolutions per second 
=-^. Therefore, the machine makes revolutions before com¬ 


ing to rest. Similarly the armature makes — revolutions be- 
fore coming to rest. 

The total work done by the motor while bringing the machine 
to rest, from a speed S, 

= tTSHi, ( 10 ) 

The work load of the machine assisting the motor in bring¬ 
ing the machine to rest 

= 7r7^5/i. (11) 

Then (8) + (9) = (10) + (11) 


2tUiS^ 


27r^l2r^S^ 


= TrTSrti + irFSti 


( 12 ) 


From ( 12 ) we get 

h = 


2x5 (Ii + hr^) 

g (Tr + F) 


(13) 


Equation (13) indicates the length of time required to bring 
a machine to rest from a speed S, by reversing the current 
through the armature. As in the case of acceleration, the 
following deductions can be made by inspection: 

A. The power input in the motor is a minimum when the 
time of stopping, /i, is a minimum. 

B. The heating of the motor is least when is a minimum. 

C. The time of stopping varies directly as the speed, S, of 
the machine. 

D. Increasing the moment of inertia of either armature or 
machine, increases the time, ti. 

E. Increasing the . motor torque, T, decreases the time, h. 

F. Increasing the load torque, F, decreases the time, h. 

As before, the differential of h with respect to r is equated 
to zero to determine that ratio of gearing, r, which will give 
the quickest stopping. This value follows: 
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Note that this value of r involves the same quantities that 
enter into equation (7) and that it is independent of S. 

We have now determined two values of r from equation (7) 
and' (14). That of equation (7) is for quickest starting from 
rest a^nd making any number of revolutions; that of equation 
(14) is for quickest stopping from any speed of rotation. It 
would be possible to make another determination to give the 
value of r for quickest starting plus quickest stopping. It is 
not possible to say whether quick starting or quick stopping 
is of the most general importance; also it is not true that a motor 
is reversed every time it is started. It seems reasonable, there¬ 
fore, to assume that the most favorable value of r would be the 
arithmetical mean of the two values as determined by equations 
(7) and (14). 

This gives the value of the ratio of gearing, r, as follows: 

It is next in order to make some practical use of the equa¬ 
tions. Assume that it is desired, to investigate the ratio of 
gearing of some motor-driven machine, say a mill table. For 
any standard mill motor it is easily possible to secure the weight, 
W, of the armature and its radius of gyration k, k being expressed 

in feet. 

Then h = Wk^ (16) 

Preferably adjust the controller to give peak currents of 150 
per cent full load and valley currents of 100 per cent full load. 
The rated full-load current of the motor can be determined from 
the speed-torque curves of the motor. Connect a recording 
ammeter in the motor circuit, accelerate the motor from rest 
and allow the motor to run until the motor current has become 
constant. From the speed-torque curves of the motor, deter¬ 
mine the torque at the inotor in pound-feet corresponding to 
the constant motor current; let this torque be called H. 

Then F = rH (17) 

where t represents the existing gear ratio. 

On the record made by the recording ammeter, note accurate¬ 
ly the point where the motor has dropped to exactly full-load 
value after full line voltage has been applied to the motor. 
In other words, this is the point where the motor current reaches 
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full-load value after the last accelerating switch has closed, 
and is indicated by g in Fig. 1. Measure accurately on the 
record the time between the closing of the line switch and the 
point g. This interval of time is t. From the speed-torque 
curves of the motor and the current record, determine the 
average torque developed by the motor during the interval of 
time beginning when current first passes through the armature, 
and ending when the' motor current drops to full-load value 
after full line voltage has been applied to the armature. In 
other words, determine the average torque developed by the 
motor during the interval of time t. This torque is T and is 
expressed in pound-feet. 

From the speed-torque curves of the motor, determine the 
speed of the armature at the point g. Let this speed be called 
P, which should be expressed in revolutions per second. If 
the armature starts from rest and reaches a speed of P revolu¬ 
tions per second, its average speed during this time of accelera¬ 


tion is 2 revolutions per second. The total number of rev- 
* 

olutions made by the armature during the time t, rotating at 


an average speed of 
Therefore 


^ revolutions per second, is obviously 


T. 

2 ' 



Equation ( 6 ) may be solved for Ii as follows: 



2.56 (Tr - F-) 
N 




E, t, N and 1 2 are all known, and the moment of inertia 

of the machine, h, can easily be determined by inserting these 
values in equation (19). 

Equations (7), (14) and (16) can be solved for r when T, 
I2, F and h are known. The determination of T has been 

are respectively obtained from equations 

(16), (17) and (19). If quick starting is of major importance, 

r can be determined from equation (7). If quick stopping is 

the chief consideration, r should be determined by the use of 

equation (14). On the other hand, if quick starting and quick 

stopping are of approximately equal importance, equation ( 16 ) 
should be used. \ / 
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A more comprehensive study of the question would be to 
determine by the use of equations (6) and (13), different values 
of t and /i, corresponding to different assumed values of r, and 
then to plot curves between r, and h. These are shown in 
Fig. 4, where curve A represents different values of h for dif¬ 
ferent values of r and curve B repre¬ 
sents different values of t for different 
values of r. Curve C is obtained by 
adding the ordinates of curves A and 
B, and therefore shows, for different 
values of r, the time of starting plus" 
the time of stopping. Curve A is a 
minimum on the line aa, curve B on 
the line cc and curve C on the line hb. 
For any ordinary piece of mill 
machinery, the position hh would 
probably indicate the most favor¬ 
able value of r. 

To illustrate the practical application of these equations, a 
certain motor-driven mill table will be selected, concerning 
which I happen to have the necessary data. In Fig. 5 is shown 
the current-time record, and in Fig. 6 are shown the speed- 
torque curves of the motor. 


cc. 

UJ 

0 . 

S 

< 


TIME IN SECONDS 

Fig. 5 

From Figs. 5 and 6, it is found that 

t =1.5 seconds 
T = 630 pound-feet 
iJ = 150 pound-feet 
P = 9.5 revolutions per second. 

It is known that the weight of the armature is 900 pounds and 
its radius of gyration is 0.55 ft. Therefore 1% = 900 X 0.55^ = 272.3 




a b c 
RATIO OF GEARING,r 

Fig. 4 
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Since r = 5, we have F = ri? = 5 X 150 = 750. 

T7 .n* /ION AT 1.5 X 9.5. 

From equation (18), ^ ^ " 


1.4:!25. 


Inserting these values in equation (19) and solving, we find 
that h = 2892. 

By using the values of 7i, / 2 , P and T inequation (16) we find 
that r — 3.46 would be the best ratio of gearing for quick 
starting and stopping. 

It certainly should not be assumed by any one, that the 
,use of these various equations constitutes a sufficient solution 
of the problem of determining the most favorable ratio of gear¬ 
ing for any particular motor-driven machine. The equations 
must be regarded merely as a theoretical analysis of the various 



Fig. 6 

factors entering into the question, and any deduction drawn 
from their use must necessarily be modified by local conditions 
and practical considerations. For instance, it would be foolish 
to accelerate or retard a mill table so rapidly that the steel 
would slip on the rolls or that handy control would be lost. 
Furthermore, due to variations in friction, the work load may 
change from day to day or from hour to hour, so that some 
assumption must be made as to its average value. In short, 
this is no hair-splitting subject; on the other hand, it is believed 
that a judicious application of theory to practise will in this 
case lead to results which will prove to be substantial and 
worth-while improvements. 
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STEEL MILL CONTROLLERS FROM THE OPERATOR’S 

STANDPOINT • 


BY J. S. RIGGS 


Abstract of Paper 

The writer discusses control problems from the operator’s 
standpoint, in connection with bloom mill and rolling mill ma¬ 
chinery. The most important consideration is that no pro¬ 
vision for emergencies can be allowed, and when the ingot or 
bloom leaves the furnaces for the rolls it must be kept moving 
until it reaches the cooling beds. Any interruption in this 
cycle means scrap material and lost time. To fulfill these re¬ 
quirements the equipment must always stand up to the service 
and be as nearly fool-proof as possible. The full magnetic con¬ 
troller in the writer’s opinion meets the above requirements 
better than any other type. 

The requirements of the different classes of machinery are 
tabulated and from this tabulation it is shown that the control 
can be standardized in four distinct type, sone or the other of 
which will meet all conditions of mill equipment: 1. Full re¬ 
verse single-speed type. 2. Full reverse multi-speed type. 

2a. Full reverse multi-speed type with dynamic braking. 3. 
Non-reverse push-button type. 

In conclusion the author points out that the conditions to be 
met and their solution should be kept as uniform as possible 
and the aim should be towards simplicity. The expense of 
duplication would be avoided by standardization of parts, and 
this would also permit comparison of different makes of appar¬ 
atus on .an equal basis. 

T he purpose of this paper is to describe the forms of 
electrical control peculiar to steel mill service, “ from 
the operator’s standpoint.” It is possible and probably usual 
to treat the subject by averages, to make statements as the 
result of many opinions. In this paper the other general pro¬ 
cedure will be followed, in that the ideas are as the writer sees 
them. This plan has been adhered to purpose^. I do not 
expect complete agreement. I do hope this method will pro¬ 
voke constructive criticism, all to the end of definite recom¬ 
mendation, if such be possible, toward uniformity of attack to 
meet the given condition. 

The steel mill is distinct in many ways from any other manu¬ 
facturing industry, and one of the most important of these dis- 
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tinctions is that no provision for emergencies can be made; 
that is, when an ingot, bloom or billet leaves the furnace for 
the rolls it has to be kept moving until it reaches the cooling 
beds. Any delay or interruption in this cycle means sera]) 
material and loss of time. 

Considering the above service requirements and operating- 
conditions, the equipment must stand up to the service, and be 
as nearly fool-proof as it can possibly be made. ' The full mag¬ 
netic controller, in my opinion, meets the above requirement 
better than any other type, and also has several additional 
advantages which may be briefly enumerated as follows: 

1. Superior ability to handle heavy currents at a minimum of 
maintenance cost and delays. 

2. Inherent current-limit acceleration feature, taking ac¬ 
celeration entirely away from the operator. 

3. Can be operated by a small master controller which is 
easy to handle, thus eliminating the element of fatigue of operator. 

4. Limit switches and automatic cut-out switches can be 
applied in any position so that slow-down’’ dynamic brake 
stop, as well as any other automatic feature required, can be 
obtained. 

5. Complete remote-control circuit breaker protection at a 
very slight additional cost. 

6. Safety finst”—removes all arcs from immediate vicinity 
of operators. In fact, with magnetic control, the operator is 
insulated from all live parts. 

In order to bring out clearly the different equipments with 
their control in,.for example, a bloom mill and a rolling mill, 
the following outline sketches and tables may be of assistance. 

The control for the following outlined equipment, which covers 
practically typical mill equipments, can be standardized in four 
distinct constructions, as follows: 

1. Full reverse, single-speed type. 

2. Pull reverse, multi-speed type. 

2a. Full reverse, multi-speed type, dynamic braking. 

3. Non-reverse, push-button type. 

(1) The full reverse, single-speed type should contain the 
following apparatus: 

4 Reverse switches, mechanically interlocked. 

3 or 4 Accelerating series or lock-out switches. 

Three switches up to 75 h.p.; above 75 to 200 h.p,, four switches, 

1 Main line contactor. 
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2 Overload double-coil relays. 

1 Main line switch, double-pole, single-throw, safety type. 

1 Control switch, double-pole, single-throw, and fuses. 

1 Terminal board. 

1 Angle iron or pipe frame. 

1 Resistance, to be mounted on rear of frame below panels. 

1 Single-speed master radial arm type with overload.reset in off position. 

This controller will take care of at least 50 per cent of mill 
work and can be used on the following equipment: 

A. All roller tables, 

B. Screw-downs. 

C. Rollers on tilting table. 

D. Soaking pit covers. 

Limits can be used with this ..control in any place where con¬ 
ditions may require them. 

(2) and (2a) The full reverse, multi-speed type should contain 
tine following apparatus: 

4 Reverse switches, with mechanical interlocks. 

4 or 5 Accelerating switches, shunt type series accelerating relays. 

Pour switches up to 75 h.p.; above 75 to 200 h.p., five switches. 
1 Main line contactor. 

1 Dynamic brake switch. 

2 Overload double-coil relays. 

1 Main line knife switch, double-pole, single-throw, safety type. 

1 Control switch, double-pole, single-throw, and fuses. 

1 Terminal board. 

1 Angle iron or pipe frame. 

1 Resistance to be mounted on rear of frame below panel. 

1 Multi-speed master radial arm type with overload reset in off position. 

This type of controller can be used wherever conditions are 
STJLch. that a single-speed equipment, even with the plugging 
feature, will not meet them. For instance, this type of con- 
'taroller should be used where varying loads obtain, where re- 
jSriexnent of control is required, where dynamic braking or slow¬ 
down features are desired, and can be used on the following 
ecqiJLipment: 

A. Kick-oh. 

B. Dogs or drags on transfer tables, hot-bed, etc. 

C. Furnace pushers. 

D. Tilting tables. 

Hoist-lowering. 

E. Hot metal mixers, 

E. Open hearth floor type charger, bridge, hoist, trolley and 
reel. 



886 RIGGS: STEEL MILL CONTROLLERS [April 15 


Equipment 

Type 

Reverse 

Type 


Special 

No. Operated. 

Contr. 

Non-rev 

Master 

Limits 

Features. 

Bloom Mill. 

1 Soaking Pit Covers... 

Magnetic 

Full rev 

1-Speed. 

2-Way. 

« * • • 

2 Ingot Del. Table. 

tt 

u a 

a 



3 Mill Appr, Table... 

u 

tt tt 

tt 



4 Mill Rev. Table.. 

u 

a tt 

M 



5 Two-High Mill. A-Screw-down.. 

a 

tt tt 

U 



6 Mill Rev. Table... 

u 

a it 

u 



7 Shear Appr. Table... 

4t 

tt tt 

u 



8 Shear. 

U 

Non-rev 

Push button 



9 Shear Del. Table. 

u 

Pull rev 

1-speed. 



A-Kick-off. 

H 

tt a 

Multi. " 

2-way. 

slow down 

10 Hot-Bed. A-Drags or Dogs. 

it 

tt tt 

U 


U 

Rolling Mill. 


1 Furnace Pusher .. 

a 

tt tt 

tt 

U 

tt It 

2 Furnace Feed Tables . 

3 Furnaces . 

u 

u 

tt u 

1-speed. 

• • ■ • 

» » m m 

4 Furnace Discharge Table . 

5 Tilting Tables . 

tt 

U tt 

1-speed. 

• • ■ • 

• • • « 

* • « • 

• • 4 P 

A-Bridge . 

a 

it u 

Multi “ 

• • » • 

• • * a 

B-Hoist . 

tt 

u u 

a a 

2-way. 

Dyn. 

brake 

C-Rollers . 

6 Three High Rolls . 

it 

U tt 

l-speed. 

• • • • 

Lowering 

7 Tilting Tables. Same as 5 . 




• • • • 

» • • a 

8 Hot Saw Appr. Table . 

Magnetic 

Full rev 

1-speed. 

* • • • 

» a a 4 

9 Hot-Saw . 

tt 

Non- 

Rev. 

Push¬ 

button. 

• » • • 

a • a 4 

A-Hot-Saw Feed. 

U 

Full rev 

Multi-spd. 

,2-way. 

Auto, feed 
depending 
on cut. 

10 Hot-Saw Del. Table. 

u 

a u 

1-speed. 

• • ■ • 

a 4 a a 

A-Hot-Saw kick off.. 

11 Hot-Bed . . 

it 

tt It 

Multi-spd. 

2-way. 

slow down 

A-Hot-Bed Tipper... 

tt 

u a 

tt tt 

it 

tt It 

B-Hot-Bed Drags . 

tt 

It It 

Multi-spd. 

a 

U it 

12 Straightener Appr. Table . 

tt 

a It 

1-speed. 



13 Straightener . . 

it 

Non. 

rev. 

Push¬ 

button 

• • • p 

Field con 
trol. 

Vibrating 
field relay. 

14 Shear Appr. Table . 

Magnetic 

Pull rev 

I'Speed. 

• • • p 


15 Shear. 

tt 

Non- 

Rev. 

Push¬ 

button 

• • « p 

a a a 4 

16 Shear Dis. Table . 

tt 

Full rev 

1-speed. 

• • * • 


A- “ " “ Kick-oflE . 

a 

U tt 

Multi-spd. 

2-way. 

slow down 

B-Transfer Dogs. 

tt 

tt tt 

tt It 

tt 

U It 

17 Cold Saw Appr. Table. .. 

tt 

tt u 

1-speed. 



18 Cold Saw . 

tt 

Non- 

rev. 

Push¬ 

button 

• « • • 

a a a a 

A-Cold Saw Feed . . 

tt 

Full rev 

Multi-spd. 

2-way. 

auto, feed 
depending 
on cut. 

19 Cold Saw Dis. Table . . 

tt 

tt tt 

1-speed. 

• • • • 

• • • • 
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This type of control without the dynamic brake feature is 
also suitable for the following: 

G. Tilting furnaces. 

H. Tilting table bridge. 



9 

9 

9 


10 

10 


Fig. 1 

1. Soaking pit 

A. Soaking pit covers 

2. Ingot delivery 

3. Mill approach table 

4. Mill reversing table 

5. Two-high mill 
A. Screw-down 


17 


Bloom Mill 

6. Same as 4 

7. Shear approach table 

8. Shear 

9. Shear delivery tables 
A. Kick-off 

10. Hot-bed 

A. Hot-bed drags 



a s a 


nm 2 1 


3 

3 

3 

4 



Fig. 2—Rolling Mill 


1. Furnace pushers 

2. Furnace feed roller tables 

3. Furnaces 

4. Furnace discharge roll table 

5. Tilting table 

A. Bridge 

B. Hoist 

C. Rollers 

6. Rolls 

7. Same as 5 

8. Hot-saw approach table 

9. Hot-saw 

10. Hot-saw delivery table 

A. Hot-saw delivery table kick-off 


11. Hot bed 

A. Hot-bed tipper 

B. Hot-bed drags 

12. Straightener approach table 

13. Straightener 

14. Shear approach table 

15. Shear 

16. Shear discharge table 

A. Shear discharge table kick-off 

17. Cold saw approach table 

18. Cold saw 

19. Cold saw discharge table 


The question may arise as to the extent to which line pro* 
tection devices shall be employed. A reversing controller in 
its simplest form does not provide for the disconnecting of the 
series field of the motor from one side of the line. This is not 
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such an important detail so long as the controller is not pro¬ 
vided with overload relays, but if overload relays are installed, 
and the contactors which are used for reversing the armature 
and to open and close main line circuit are depended upon to 
afford line protection in combination with overload relay or 
relays, a condition may arise in which the motor field will be 
grounded and the reversing switches will be powerless to dis¬ 
connect the grounded field winding from the line. 

Moreover, certain combinations of grounds, in case but one 
overload relay and no extra main line contact is used, may 
result in short-circuiting that relay and the consequent loss of 
overload protection, without such condition coming to the at¬ 
tention of either the operator or the motor inspector. 

The only way absolutely to protect the equipment against 
short circuits and overloads is to install two relays, one in each 
side of the line, and also install a contactor in that side of the 
line which feeds the motor field winding, which arrangement 
gives the most complete protection possible to obtain. 

Each control panel should also include a main line knife 
switch for the motor circuit, this knife switch to be so equipped 
that it may be locked open by safety padlocks, thus protecting 
men working on the control equipment or the associated ma¬ 
chinery. 

Each control panel should^ include a control circuit knife 
switch, and fuses for protecting the control circuit, as it is ob¬ 
vious that if the overload relay on the panel is set high enough 
to protect the motor, a very destructive short circuit may occur 
in the control system, without taking sufficient current to trip 
the main overload relay. The fuses guard against this con¬ 
tingency and make it pos.sible to connect the control circuit 
outside the main line knife switch, so that whenever the motor 
inspector desii'es to test out the control system he may pull 
the main line knife switch and operate all contactors without 
running the motor. 

(3) The non-reverse, push-button type should include the 
following apparatus : 

1, Main line contactor. 

3 or 4 Accelerating switches, series or lock-out type. 

Three switches up to 50 h.p.; four switches from 50 to 200 h.p. 

The last accelerating switch to hold in on zero current. 

1 Overload double-coil relay. 

1 Main line double-pole, single-throw, knife switch and fuses. 

1 Terminal board. 
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1 Shun-t field protecting relay. Not considered necessary below 30 b.p. 

1 Angle iron or pipe frame. 

1 Resistor mounted on rear of frame. 

1 Push-button “ start,” ” stop” and ” reset.” 

Additional to above, where variable speed is required, as for 
instance on straighteners— 

1 Vibrating field relay. 

1 Field rheostat. 

The above type of controller without the additional features 
can be used on 

A. Furnace fans. 

B. Shears. 

C. Cold saws. 

D. Hot saws. 

In fact, this type of controller is suitable for the majority 

of constant-speed mill equipments. 

I have not attempted to give horse powers for any of the 
equipment mentioned because of the wide range in the power 
required by mills, due to different size mills and local condi¬ 
tions, but it would be my recommendation^ in laying out a 
mill to keep to as few different sizes of motors as possible through¬ 
out. This will not only keep down motor spare parts but will 
cut down to a minimum the number of sizes of controllers re¬ 
quired, and in this way cut down the total amount of spare 
parts required for permanent stock. 

I would recommend control panels being made up of an as¬ 
sembly of slates containing the various pieces of apparatus 
which go to make up the controllers. 

I will touch briefly on a few points which I think would help 
the operator. If there is to be some standardization so that he 
can compare different makes of apparatus on an equal basis, 
these items will be of assistanc'e: 

(1) Contactors. 

Area of contacts. 

Pressure between contacts. 

Rating per unit area of contact. 

(2) Resistors. 

Standard ratings. 

Cross-section. 

Contact area. 

. Spacing. 

Type. 
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Contactor coils should be interchangeable on the sarae size 
apparatus of one manufacturer. Use external resistance when 
coils have to stand continuous service, rather than a special coil. 

In conclusion, the aim pointed out in the introduction is 
emphasized. Make the conditions to be met as uniform as 
possible. Solve these, both from the manufacturing and the 
operating standpoints, by uniform methods. Strive for sim¬ 
plicity. Save the expense of duplication. These I believe 
to be engineering fundamentals peculiar to the subject. 
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Discussion on Mill Controllers ” (Stratton), and 
Steel Mill Controllers from the Operator's Stand¬ 
point ” (Riggs), Pittsburgh, Pa., April 15, 1915. 

H. F. Stratton: I apologize for appropriating such a big topic 
as mill controllers, and then discussing only part of one division 
of it. Nor do I feel that the apology is an empty formality, 
because I appreciate that other par'ts of the subject have such 
a direct bearing on the one discussed that they should be con¬ 
sidered at the same time. 

Generally when a motor is applied to a machine it is a question 
of horsepower; that is to say, the capacity of the machine as 
a power translating device must be at least the equivalent of 
the power demands of the machine. This is the situation 
which generally exists with motor-driven machine tools or cranes. 

In the case, however, of a motor driving a typical piece of 
mill machinery, the situation is different. It is not a question 
of horse power, but it is a question of torque. The average 
mill motor starts, runs, is stopped or reversed, and these opera¬ 
tions are repeated hour after hour; the main purpose is to con¬ 
trol these short movements with the smallest amount of wasted 
time. I am quite sure that it would not do to state the re- 
' quirements any less broadly, because an improvement in one 
feature might lead to, and in fact be the direct cause of a greater 
disadvantage in some other part. For instance, it sometimes 
happens that time is lost in the end if a machine is rotated so 
rapidly that it becomes correspondingly difficult to stop it 
accurately. In short, in a situation of this kind there would 
be lost that very valuable but elusive condition which may be 
designated as handy control.” 

The paper which I have written deals mainly with the ques¬ 
tion of the relative speeds of the motor and machine, or in 
other words, with the ratio of gearing between motor and ma¬ 
chine. I do not propose to read this paper, but instead to make 
some comments and offer some compromises which it seems 
to me are permissible. 

Equation ( 16 ) is an expression which gives the value of the 
ratio of gearing for quickest starting and quickest stopping of 
a motor-driven mill machine. The equation involves^ the 
moment of inertia of the armature, the moment of inertia of 
the machine, the load torque of the machine, and the developed 
motor torque. Since writing the paper I have examined some 
data which I happen to have, relating to several mill tables and 
other mill equipment, and I have found that the momerit of 
inertia of the machine is generally at least five or ten times 
the moment of inertia of the armature. I have also found 
that the square of the ratio of load torque to motor^ torque is 
small compared to the ratio of the monients of inertia, and in 
the several instances which I examined it averaged about f of 
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this value. Now there is not much difference between the 
square root of a number and the square root of that number in¬ 
creased by In fact the difference is only about 6 per cent. 
It seems foolish to quibble about 6 per cent when I have already 
disregarded motor friction and windage and when some very 
broad assumptions must be made as to the average load torque, 
and when the developed motor torque will certainly vary as 
the motor or the resistance becomes hot or as the voltage fluctu¬ 
ates. If, then, you are disposed to accept this compromise, the 
ratio of gearing would be determined by merely taking the 
square root of the ratio of the moment of inertia of the machine 
to that of the armature. 

On the basis of this assumption the rest of the investigation 
is correspondingly simplified, because it now remains to de¬ 
termine only the moment of inertia of the armature and the 
moment of inertia of the machine. 

I assume that if you apply to the motor builder he will cheer¬ 
fully furnish the moment of inertia of the armature, and you 
can obtain the moment of inertia of the machine in the follow¬ 
ing simple manner: 

Allow the motor to run until it reaches a constant speed and 
measure its current and its speed of rotation when at constant 
speed. From the speed-torque curves of the motor determine 
the torque corresponding to the motor current. Shut off power 
and measure accurately the number of seconds required for the 
machine to stop through the influence of friction. Then the 
moment of inertia of the machine can be easily computed 
from these quantities. On this basis the square root of h over 
Ii will indicate the ratio of gearing to be used. 

This would be theoretically the correct analysis if the machine 
were frictionless. On the same assumption, if the condition 
be imposed that the machine shall make any specified number 
of revolutions, this established ratio of gearing would then 
mean that the least energy would be stored up in the rotating 
parts. If the least energy is stored in the rotating parts, then 
the least energy will have to be taken out of these parts to bring 
them to rest. This^ would seem reasonably to point to quick 
and accurate stopping. Any deductions or arguments relat¬ 
ing to quick stopping apply equally well whether that be ac¬ 
complished by plugging or dynamic braking, since in either case 
the inotor exerts a restraining torque in opposition to the exist¬ 
ing direction of rotation. 

Very likely there will be a disposition to criticise this theoret¬ 
ical handling of an intensely practical matter, and I fully realize 
that if the subject is not considered with sympathetic intelli¬ 
gence, the theory is valueless. There of course can be no 
object in accelerating, for instance, a mill table so rapidly that 
the steel akids on the rolls, or that its movements are merely 
a succession of violent jerks. ^ It occurs to ipe, however, that 
some approximate determination could be made as to how fast 
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it is advisable to accelerate a given mill table, and that on that 
basis the most appropriate gear reduction and the most appro¬ 
priate size of motor might be employed. 

A. G. Pierce: I wish to comment on Mr. Riggs’s paper. To me it 
is notable because of its comprehensive treatment of the processes 
involved, and because of the assertiveness of his conclusions as 
to the proper type of control for each process. Further, stand¬ 
ardization is .emphasized. If it is possible for the steel mills 
to follow standardization to the end of securing general uni¬ 
formity of panel constructions, even though the latter may not 
be exactly alike, it will most certainly result, I believe, in cheaper 
first cost, simplicity in manufacture, saving in upkeep, and 
simplicity in operation. 

Bavid B. Rushmore: The matter of standardization, of 
which Mr. Pierce speaks, is one of the hopeful movements in 
this direction of all forces working toward a common end. 
Just how much ought to be done, and just how far it is possible 
to standardize apparatus manufactured by different companies, 
is a question. 

The electric motor has always been sulDservient, it has gone 
around trying to adapt itself to the other machines, and that 
is one of the reasons why the manufacturing companies list 
over 5000 different varieties of induction motors. The public 
must necessarily pay for this, and think of what that means— 
five thousand different varieties of capacities, frequencies, volt¬ 
ages, phase types, etc., of one kind of motor. 

The electric motor is beginning to ask that the other machine 
be adapted to it, that instead of adapting the electric motor 
to all other forms of apparatus, why cannot the steel mill be 
adapted to it, why cannot we change the rolls, why cannot 
we change the tables, etc., in order to meet, at least half way, 
the requirements of electric motors? In some of the largest 
steel mills which have been electrified, a step has been made 
in this direction. The designing engineer in the factory never 
fully grasps what the operating man wants. The^ oppating 
man never appreciates the difficulty of standardization, of 
getting out modifications of apparatus, of special developments 
—he cannot, unless he has been through it. 

Glenn E. Stoltz: In Mr. Stratton’s remarks he brought up 
one very interesting thing, a very simple and accurate method 
of arriving at the flywheel effect of a machine or motor. I 
think that method can be used to much greater advantage than 
to try to calculate. He simply gets the friction load of^ the 
machine running idle and throws open the line switch and allows 
it to drift to a stop. I,f we assume the friction torque is con¬ 
stant, we get a straight-line curve, plotting the speed of the motor 
against time, provided the torque is constant. That applies 
approximately to the mill type motor and table, but we 
cannot use it so well on apparatus which has greater fly- 
effect—for instance, a motor-generator set, to which is 
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attached a large flywheel. There is a certain amount of 
energy which acts similarly to a fan, and we have a greater 
torque at the high speed. The curve comes down very little 
at first, and then smooths off to a straight line; and we have 
no change when the apparatus comes to a rest. Probably 
within five to ten per cent of the time when it comes to a rest at 
the end we lose the oil film in the bearings, and naturally that 
increases the torque considerably and really shortens the time 
of coming to rest. In apparatus of that type it is better to 
take the reading every five or ten seconds in getting the speed, 
plot a curve, take the straight line part of it from the origin, 
and not follow it clear to dead rest. 

Mr. Stratton has discussed a very important issue in the 
selection of motors for mill tables, screw-down, and similar 
applications. He has carefully treated the theoretical side of 
this subject by means of elementary mechanics. Plowever, 
many of us do liot deal so constantly with these terms and no 
doubt would prefer to attack this problem in a more simplified 
manner. 

As has been pointed out, the load on the motor may be divided 
into the friction load of the driven machinery, the inertia of 
the driven machinery, and the inertia of the motor itself. 

To arrive at the inertia loads, the fundamental formula E 
equals \ MV^ may be used, in which E represents energy ex¬ 
pressed in pounds and feet, and M is the mass of body which 
is equivalent to its weight divided by 32.2, and V is velocity 
in feet per second of the rotating body at its radius of gyration. 

This formula then becomes £ equals - X Dividing 

this formula by 550 will give the number of horse power-seconds 
stored in the body at the velocity of V. The load can be 
expressed in either of these two terms without involving any 
other items than the weight.of the body and peripheral speed 
at its radius of gyration. In expressing this in horse power- 
seconds, that is, the stored energy in the body, we have a term 
which w'e can comprehend. If we get the horse power-seconds 
of energy stored in the table and in the motor, we have terms 
which we understand. We may say the moment of inertia of 
a body may be 1000, but that does not mean much, if any¬ 
thing, to us. If we express it in thousand horse power-sec'onds,. 
we know, if we give up 100 horse power in 10 seconds, we have 
1000 horse power-seconds. 

If the problem involved does not warrant an extremely ac¬ 
curate solution, the radius of gyration of both the motor and 
rolls, if the latter are hollow with the shaft extending from 
end to end, may be taken at from 0.7 to 0.8 of the outside 
radius. It has been found on ordinary armatures that if the 
total weight includes the shaft, 0.7 is a very close figure; how¬ 
ever, if the weight of the shaft is omitted 0.8 should be used 
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Unfortunately, other conditions enter into the consideration 
of this subject which overshadow the importance of our theo¬ 
retical results. 

In the first place, the most advantageous speed of the table 
or machine in question must be definitely determined by the 
operator, and from tests on similar apparatus the friction load 
can be assumed. If you have a roll table, it is up to the mill 
man to know at what speed he desires to operate it. That 
is a fixed condition which we must accept. If the apparatus 
to be driven is a mill table which carries metal that is delivered 
to the roll before the motor attains full speed, the motor should 
be geared to give a speed somewhat above that specified, so 
that the actual speed desired will be attained under average 
operating conditions. Suppose we want a speed of 300 ft. a min. 
on a table, we would probably gear the motor to give 400 ft. per 
min.; in other words, the metal will enter into the rolls before the 
table will reach full speed, and the average speed attained 
then is 300 ft. a min. When operating the table at con¬ 
stant speed, the motor should run from 20 per cent to 30 per 
cent above its rated speed, which is equivalent to approximately 
60 per cent of its full load capacity. This permits the motor 
to run light for a period of time and allows the commutator to 
polish. If the size of the motor is such that it operates at full 
load or overload when running a table at constant speed, the 
motor is not given an opportunity to polish its commutator, 
which reduces its ability to withstand peeks without incurring 
excessive maintenance. 

Very often too large a motor is selected in order to get quick 
acceleration. Ex^cessive speed on the table does not necessarily 
mean greater dispatch in handling the material, as the ihetal 
may slide. Although the commutator has an opportunity to 
polish at this excessive speed, the plugging or braking current 
is very severe when the motor is reversed at the high speed. 

After checking a large number of roll table drives, we have 
found that motors operating at practically full load are brought 
to rest in approximately 0.3 second; those overloaded and 
operating at higher speeds very seldom require more than 0.5 
second, so that it is not important to give this phase of the 
subject much weight. 

The formula developed by Mr. Stratton does not apply when 
the table reaches full speed before the metal enters the^ roll. 
In railway work it is a well-known fact that the car having a 
gear ratio that gives best acceleration is soon overtaken by a sim¬ 
ilar equipment on which the gearing has been selected for both 
acceleration and a fixed distance at constant speed. We gear 
a motor to give good conditions in starting and running, and 
the time of stopping is of such short duration it is of little im¬ 
portance in comparison with starting. 

With the formula given above, the inertia of the driven 
machine and of the motor may be determined. The inertia 
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load of the gearing and countershaft, irrespective of the gear 
ratio, is of very little importance as its value seldom exceeds 
five per cent of the total, so we can simply drop it. 

Every manufacturer builds a standard line of mill motors, 
the speeds of which are fixed, so that there is little opportunity 
to exercise any discretion as to the speed ratio between the 
motor and the table except in the selection of the number of 
motors to be applied. It is simply a matter of selecting either, 
say, 50-h.p. or 75-h.p. motors, and practically all mill motor 
manufacturers have adopted standard speeds, which are sub¬ 
stantially the same. 

On such applications as a screw-down, the inertia and fixed 
load of the driven parts are small in comparison with that of 
the motor applied. On a drive of this kind it is therefore im¬ 
portant to reduce the inertia load of the motor, which is done 
by placing two in series. 

On tables of large inertia and friction load, in comparison 
with the inertia of the motor, it is better to select either one 
motor or place two in parallel. In every case, irrespective of 
the drive, the problem resolves itself into a comparison of the 
friction and inertia load of the driven machinery and the inertia 
load of the motor. The remaining items are not of sufficient 
importance to receive consideration; for instance, the friction 
of the motor itself. I believe Mr. Stratton designated that as 
being very small and not worth consideration. 

At one of the large mills in Ohio, there is an example of a 
mill table driven by two motors in series. The inertia of the 
motors is very small in comparison with the friction and inertia 
load of the table and the motors-are operating at a disadvantage. 
If they are placed in parallel and gear ratio changed, the cur¬ 
rent per motor would be reduced to 60 per cpnt of the present 
value. 

At another mill is a roll table driven by one motor which 
has a large flywheel effect. When this table is brought up to 
speed, 54 per cent of. the energy is required in the motor itself, 
20 per cent in inertia of the rolls, 2 per cent in gear, and 24 per 
cent in friction. If this motor were replaced by two smaller 
motors in series, 11 per cent of the energy would be required 
in the motors themselves, 50 per cent for the roller inertia, 5 
per cent in the gears, and 30 per cent for roller friction. This 
simply effects a more economical distribution of the input to 
the motor so that more of it is utilized as useful work, resulting 
in quicker manipulation of the table. 

M. A. Whiting: I am inclined to disagree with Mr. Stoltz 
in his estimate of the value of the results obtained by such a 
theoretical treatment as Mr. Stratton’s. It is true that in 
many cases we have rather inaccurate data, and there are a 
number of minor e'rrors in the method itself. After all of these 
are taken, into account, in many chses it will be practicable to 
make a calculation based on one gear ratio or one set of con- 
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ditions for the acceleration and complete duty cycle of a given 
reversing motion, and repeat the calculation with a consider¬ 
ably different gear ratio. A comparison can be made in which 
it is probable that the errors, while considerable in each com¬ 
putation, will be relatively about the same. We then have a 
reasonable basis of comparison between the two sets of con¬ 
ditions, from which we are reasonably justified in deciding by 
example which gear ratio is the better. Having determined 
by this calculation which would be better, we may in extreme 
cases be 30 per cent or 40 per cent in error as to the actual 
results which either one of these arrangements would give, and 
still have a correct relative idea of the two cases. In many 
cases the duty can be determined much closer than the 40 
per cent mentioned, and the calculations-from the result will 
be considerably closer. 

In looking over Mr. Stratton’s paper, I find the following 
statement: The average speed of rotation of the machine is 

N . . , 2N , 

—, hence its final speed of rotation is -7 in other words, the 

j I 

assumption is made that the rate of acceleration is uniform. 
The friction is assumed uniform, and the assumption is then that 
the net accelerating torque is uniform, or is equivalent to a 
uniform value. The formulas which follow are all based on 
that assumption, and therefore relate particularly to short 
moves during which the armature rheostat is being cut out 
and in which the motor does not run for any appreciable length 
of time in accelerating to the final speed on its series character¬ 
istics. 

The formulas, therefore, cover a large number of the cases 
which arise on reversing mill machinery, but do not coyer all 
of the cases. If the friction is very light compared with the 
torque developed during the period of cutting out the resist¬ 
ance, the free running speed will of course be very much greater 
than the speed at which the armature resistance acceleration 
is completed. In this case a speed-time curve can be computed 
by taking successive increments, while the motor is accelerat¬ 
ing on its series speed characteristic, and computing step by 
step the increments of time necessary to accelerate from one 
value of rev. per min. to another value of rev. per min., plotting 
these in the form of a curve, for example, with the time hori¬ 
zontal and the speed vertical, the area of which represents dis¬ 
tance. 

It is an easy matter, having plotted such an acceleration 
curve for a given gear ratio between motor and driven ma¬ 
chinery, etc., to lay in the retardation, assuming that the aver¬ 
age torque would be uniform during current limit retardation 
by plugging. In that way the area under the closed curve, 
bounded at the end by the inclined line representing the retar¬ 
dation, will represent the distance traversed. Comparisons 
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can be made of different speed-time curves for different ratios 
in order to determine the most advantageous ratio. 

In a problem requiring this kind of analysis, it is quite usual 
to find that the gear ratio which enables us to make the short 
moves most quickly will not enable us to make the very long 
moves most quickly. In some cases, therefore, it becomes 
necessary to compare a number of short moves with a number 
of long runs, and compare also the importance of saving time in 
stopping accurately with thie importance of making long runs 
rapidly, arriving at a practical conclusion in that way. 

J. A. Albrecht: The speed of reversal of the table rolls is 
not usually the limiting feature in the operation of the mill. 
I believe that is a point which has not been given enough attention. 

There are certain operations to perform before the ingot goes 
through the mill. It takes a definite time to handle the ingot, 
grab it on the lower side of the rolls, guide it to the top side 
of the rolls, and straighten up the piece for the pass and prepare 
for the operation of rolling. This manipulation is lost sight of 
in figuring the time of the roll. The men in the engineering 
departments are called on to reverse the tables probably twice 
as fast as the men can handle the steel, and the operating men 
do ^ not take that point into consideration. While we can 
satisfactorily reverse the table, it is a greater strain on the motor 
and table gearing and everything of that sort affects the up¬ 
keep of the motor. In regard to the table Mr. Stoltz spoke of, 
driven by the big motor; he figures a large saving by putting 
in a smaller motor. We have oscillograms of that mill. It 
is an old style motor, fifteen years old, with an armature 3 feet 
in diameter, and the oscillogram shows the time consumed in 
turning the mill over from full speed in one direction to full 
speed in another direction was If seconds. That is entirely 
too fast, as far as handling the steel is concerned. Consequently 
that plan is putting twice as much energy into handling the 
table as is necessary to still make the same time on the mill. 

One of our leading mill engineers has always had a theory 
about keeping one table still, the receiving table. As the ap¬ 
proaching table, taking the ingot into the mill, is moved down 
toward the mill,^ the receiving table, is still, and the ingot 
pounces out on to it. As it comes back out of the mill, the opera¬ 
ting table, which is now the receiving table is still, and the same 
operation is repeated, and on paper it looks very fine. The idea is 
that there is probably a saving of 30 per cent in the energy by 
not having to plug th,at table. I have heard some mill men 
say there is a somewhat excessive wear on the rollers nearest 
the mill. If any of you gentlemen know anything about revers¬ 
ing blooming rnill tables which operate in that way, I would be 
glad to have some one discuss it and let us know if there is 
anything in the theory of excessive wear on the roll, as that is 
the only thing which would limit that method of roll table 
drive. 
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E. J. Murphy: As to the results of Mr. Stratton’s calculations, 

I am not prepared to say. The accuracy of the product 
of a mathematical mill depends on the accuracy of what you put 
into the hopper. I believe wherever possible, calculations should 
be made, that is, if there are any data available as a basis of calcu¬ 
lation. It will save a great deal of unnecessary work and some¬ 
times rather bad blunders. 

We frequently find machines either over-motored or very 
much under-motored. Where quick reversal is necessary a 
motor too large for the job will be a serious disadvantage, and 
there are cases where considerable time could be saved by using 
small motors. That point has been brought out by other speakers. 

In Mr. Riggs’s paper, several points attract my notice. He 
seems to advocate the use of dynamic braking instead of plug¬ 
ging. I do not suppose that means for all applications, and I 
would like to hear some comments from the operating engineers 
as to the advisability of using dynamic braking. I should say 
in cases where they had to make an accurate stop, it might be 
preferable. 

He advocates a shunt field protecting relay. Probably a 
great many of us have actually had cases of trouble from this 
shunt field protecting relay dropping out, due to the transformer 
action of the series field in the case of a compound motor. 

Various efforts have been made to devise some scheme to 
prevent this action. I recently had to solve a problem 
of that sort. It was quite difficult to obtain any relay 
that would have a time element that would avoid the back 
action of the series field. We managed to solve the problem by 
using what was practically a small contactor with a heavy 
copper sleeve around the copper. With this particular relay 
it was actually possible to take off the exciting current and it 
then took three to five seconds for the contacts to open. 

With reference to the matter of the standardization of con¬ 
tactors, Mr. Riggs refers to the area of contacts, pressure 
between contacts, and rating per unit area of contact. I should 
think it would be difficult to ascertain the area of the contact, 
because in many designs of standard contactors the action is a 
rolling one and the contact is made across what is practically a 
line. In so far as the standardization of this sort of a device 
is concerned, I think it depends on the results^ obtained, as to 
the life, temperature, and general safety, opening the arc, etc. 

The same remark applies to resistors. The design of resistance 
also has so many variable factors that I do not doubt we ccmld 
obtain good results by quite different arrangements. Further, 
where you are using a resistance for accelerating and not con¬ 
tinuous duty, the important point is the actual weight of the 
grids, which determines the heat storage; with infrequent stop¬ 
ping this is more important than the actual continuous capacity. 

R. H. McLain: There is just one point in Mr. Riggs’s paper 
that I have noticed with which I disagree. He says: “ Con¬ 
tactor coils should be interchangeable on the same size apparatus 
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of one manufacturer.” In the next sentence he says, “Use 
external resistance when the coils have to stand continuous 
service, rather than a special coil.” I am not just sure what he 
means, but I certainly advocate using a standard coil, to stand 
the continuous voltage, rather than the application of ex¬ 
ternal resistance with the coil. In fact, he must agree to that, 
because right below he says “ strike for simplicity ”. 

In regard to Mr. Stratton's paper, I might add a little weight 
of evidence if there is any one who doubts the advisability of 
calculating this matter of gearing. I will take one example I 
know of, the case of two trolleys, both of which have to make the 
same trip. The man who built the trolleys decided to make one 
for 1200 ft. per min., and the other for 1000 ft. per min. He 
turned the same amount of power on them, and the one geared 
for 1000 ft. per min. got ahead and remained ahead until it 
had gone 315 ft., and then the other passed it. Apparently 
in going less than 315 ft. one moved faster than the other, and 
in going more than 315 ft. the other moved the faster. I cal¬ 
culated that same thing, and the calculation showed the two 
time-distance curves crossed at 315 ft. 

K. A. Pauly: I do not think I will say anything more than 
to emphasize the importance of making calculations in advance 
of the application of control. I had occasion at one time to 
look into an application similar to the one Mr. McLain referred 
to, where it was shown very conclusively that the lowers peed, 
or what appeared to be the lower speed, in the operating con¬ 
dition was actually the higher speed. The same thing was proved 
very conclusively at Gary, where the lifting tables were geared 
for a lower speed and actually operated faster. 

I think there is a general feeling on the part of practical men, 
or so-called practicd men, against the use of mathematics, as 
we often hear it said that the trouble with theory is that it does 
not work out in practise, I think the reason for that is purely 
the fact that in applying theories there has been a tendency in 
the past to generalize too much, to make assumptions where 
the facts were not known, and to assume that certain factors 
which were difificult to compute were negligible. I think that 
practise always conforms to theory, provided the factors in¬ 
volved are all included and properly taken care of; I think that 
a great deal of trouble and money can also be saved many times, 
which is spent in experimental work and in other ways due to 
disastrous failures. Much control equipment can be simplified 
if only a few calculations are made in advance, these calculations, 
pt course, to be sotmd and to take into account at least all of the 
factors which are known to affect the problem. 

As has been said before, the control is the nervous system of 
the motor application, and if the nervous system is unbalanced 
or not in good condition the whole application fails, as does the 
individual if his nervous system is deranged. 

. J. S. O’Donovan: I think that every .operating electrical 
engineer, and also those who come in contact with the operation, 
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will agree with me that the mechanical man makes a mistake 
on the proper ratio of gearing, without taking into consideration 
the calculations required to obtain the results. We had a little 
incident, about a year ago, which was quite simple. We bought 
a charging machine for a butt welding furnace. Other machines 
had been built by the same firm, but when we got the drawings 
in advance of the machine, I discovered that the full load speed 
of the travel of this charger in front of the furnace was 375 ft. per 
min. The machine with which it ran in conjunction on the other 
side of the furnace operated at 100 ft. per min. I called the 
company up by telephone and told them they would have to 
change their gearing on that machine. Instead of using a 25-h.p. 
motor to drive this particular machine in the rack, we substituted 
a 10-h.p. motor which was even larger than was necessary. This 
goes to show that the mechanical engineers who design almost 
all of these machines, are not very careful of the gear ratios. I 
think that if there were some, way to bring the mechanical en¬ 
gineers in closer contact with the electrical engineer, we would 
get better results in the designing of our apparatus for use in 
steel mills. 

Jacob F. Motz: I understand the papers on mill Controllers 
are presented as follows—one from the manufacturer’s view¬ 
point and one from the operator’s view-point. You may con¬ 
sider this discussion as a salesman’s view-point. 

The first controllers used in steel mill work were street car 
controllers. The first of these was no more than a rheostat 
arranged to operate in conjunction with a reversing knife 
switch, and, by the way, very ingenious devices they were. 
It was not long before the manually operated controller, built 
especially for steel mill work, was developed in the steel rnill. 
This controller still maintains its general characteristics, having 
been improved only along such lines as make it now ^ a reliable 
piece of apparatus. The controller I have in mind is the face 
plate controller, having only a few fingers for adjustments, 
and arranged for straight line lever operation. There is one 
manually operated controller, which is used to some extent, 
known in steel mill parlance as the street car controller, or the 
drum controller. This type has a large number of fingers and 
a rotary motion of the handle for operation. 

Naturally, there have been many variations and some widely 
scattered departures from these two designs,^ but the point I 
wish to make is this: There seem to be limitations attached 
to the manually operated controller. 

While the papers of the day call almost exclusively for mag¬ 
netically operated controllers, I believe there is still a small 
field for the manual controller. For instance, a new company 
with limited capital can begin operations with a smaller out¬ 
lay by installing the manual controller. Then as the company 
prospers and continuity of operation becomes more exacting, 
the manual controller should be discarded. 
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Many old plants have not yet started to replace the manual 
with the magnetic controller on electric overhead traveling 
cranes, and the operating officials of these plants are not yet 
firmly^ convinced of the superiority of the magnetic controller 
for this service. One of the principal reasons for this attitude 
is due to the improper selection of the form of magnetic con¬ 
troller that has in some cases been made. This improper selec¬ 
tion can be attributed to inexperience. 

^ To my mind, there is a greater gain to be effected by instal¬ 
ling magnetic controllers on cranes than on mill tables. There 
is one reason, however, why it does not seem so necessary: 
Cranemen are a more intelligent class of operators. The crane¬ 
man of today should be an operator only. No longer is he the 
mechanic, electrician, or '' jack-of-all trades,” not even the in¬ 
spector. The inspection can be done by one peculiarly fitted 
for the work. When any repairs are needed, a mechanic should 
be provided to do that work. Some one has sucqinctly said 
“ the starter with brains.” I will leave it for you to answer 
whether or not it pays to put '' controllers with brains ” on 
your cranes. 

Just why was the magnetic switch controller developed? 
The first reason was because it was found that the more con¬ 
trollers one man could operate the better could these opera¬ 
tions be kept in step with one another. To illustrate that fact, 
imagine four men trying to keep in step operating a modem 
soaking pit crane. There has recently been installed a soak¬ 
ing pit equipment where the cranemen even open soaking pit 
covers with the crane, not on account of the inability to obtain 
satisfactory equipment to perform this operation, but because 
no one but the cranemen must think about this operation. 
The smaller the number of men that have to act in unison, the 
more accurate will that action become. 

It was impossible to assemble more than a limited number 
of manually operated controllers about one man, even though 
controlling levers were used, and, this being accomplished very 
easily by the use of magnetic controllers and their masters, 
there was but one thing to do—^use magnetic controllers. 

It would not take suA a wild flight of imagination to think 
of one man actually controlling the complete operation of a 
blooming mill from the soaking pit to the shears. With such 
possibilities before us, I thirk it would not be well for us to go 
to too great lengths in order to make all controllers duplicates, 
because ultimately each controller will have its place and will 
be designed for some particular operation. There are no two 
applications that necessarily have the same cycle of operation. 
It seems correct to assume that each controller must be pe¬ 
culiarly fitted for the work in order to obtain the most efficient 
operation. Is itgood engineering to put a 50 -h.p. motor and 
contjToller on a job which only requires a 26 -h.p. motor and 
controller? There has been too much ear given to the repair- 
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man simply because of Vrotig application of motors and con¬ 
trollers. Mr. Stratton has very correctly pointed out the vast 
difference in gear reduction used to connect the motor to its 
load, where the load and motor sizes remained the same. It 
looks as if this would be a good place for the electrical engineers 
to step in. 

There are many reasons why the magnetic has ^splaced 
the manual controller, and also as there are many points con¬ 
cerning the actual make-up of the controllers and the 
construction of the individual units that go to make up the con¬ 
troller that need to be discussed, which I hope will give rise to 
lively argument," as these points are of most vital interest to 
the operating man. 

S. C. Coey: I believe I am safe in saying that there have 
been more mistakes made in determining the proper gear ratio 
on mill tables than in any other application of electricity to 
the iron and steel industry. I have been very much interested 
in Mr. Stratton’s paper, and hope to work out some of our 
existing installations to find out how they check up with his 
deductions. I would like to call your attention to two factors 
that enter into this matter of gear ratio, which this formula 
does not cover. These have been brought up before, I believe, 
but I would like to emphasize them. One is the variation in 
friction load. I have in mind one new mill table which, after 
it was in operation for a few months, operated so freely that the 
friction load was reduced to such an extent that it was neces¬ 
sary to cut out the last two points of acceleration on the con¬ 
troller and run it on resistance. This same table when it was 
new became so heated up with hot slabs lying upon it that the 
motor was not heavy enough to start the table, and it was 
necessary to get out the fire hose and cool it before it could 
be run. This shows the two extreme conditions in friction load, 

and they have to be taken care of. _ ^ 

There is another very important factor in this probleni, and 
that is the distance through which the piece on the table or 
other apparatus controlled by the motor has to run in ^ cyce 
of operation. On a 44-inch blooming mill which we started 
up about a year and a half ago, we figured_ out as careMty 
as we could the gear reduction on the various parts of the 
mill. After it had been in operation a short tune we found 
that a screw-down, which was operated by two lUU-h.p. rn 
motors, connected permanently in series, was the slowest point 
in the mill. As Mr. Stratton has pointed out, the ^lowest 
point in the mill is the point that limits the production m tnat 
mill. This screw-down installation was gone over caretu y, 
and I concluded, because we were moving the screws only irom 
one-half to three inches on the down motion, a^d _a maxim^ 
of 44 inches on the up- motion, that quicker starting and not 
the full motor running speed of the screw ^^s needed to 
speed up operations. We reduced the gear reduction on this 
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drive 40 per cent. This would naturally, you would say, reduce 
the final speed of the screws by the same amount. As a matter 
of fact, this speeded up the operation of the screw-down so that 
it was able to keep ahead of the reversal of the machine. There 
is always some factor which is the limiting factor in the operation* 

On this same mill we had the approaching and rear tables of 
the screw-down equipped with two 100-h.p. motors, permanently 
in series. On the front table we had twenty rollers and on the 
rear table fifteen, and we found that the front table was very 
slow and retarded the operation of the mill. In this case by 
changing the gear reduction again practically 33 per cent, and 
incidentally cutting down the normal running speed of the table 

33 per cent, we increased the actual operating speed of the 
mill. 

I believe Mr. Stoltz referred to this table in his remarks, and 
noted that by placing these motors in parallel we could increase 
the speed of the table again. But we had come to other limiting 
conditions. This mill has been running now about eighteen 
months, and when we started up we rolled in the first month 
about 200 ingots per 12-hour turn. That was gradually speeded 
up to 300 and 400 and 500. Just within the last month, by some 
changes on the manipulator finger control—the point which was 
holding us back we have speeded them up and last night this 
mill turned out 564 ingots in twelve hours. It may be we will 
get to a point where that front table will have to be speeded up. 
Until we get to^that point, we prefer to keep two motors connected 
permanently in series. With this connection, if any trouble 
develops on one motor we can throw double-throw switches over 
and run the mill on a single motor, until we can make the neces¬ 
sary repairsAlso it is a fact that in running two motors on a 
blooniing mill you have less repairs when they are connected 
in series, than when running them in parallel. 

The point was brought up this afternoon as to the advisability 
of keeping the^ back table motors stationary when running 
a blooming mill. Some rollers keep their back table motors 
stationary, some roll their back table motors with the 
|nece, and some keep the back table rollers rolling in towards 
the mill. This last condition uses a minimum of power, with the 
rnaximum of wear on the roller surface. We find in actual opera¬ 
tion that this condition allows the roller to get his piece ready 

for the next pass and reverse just in time to take the piece in 
to the rolls. 

In regard to the use of dynamic braking, I may say that we 
have installed on this screw-down in question, dynamic braking 
so that the motor will stop in a quicker time with dynamic 
brakmg than it will by plugging. That is the only method by 
which you can make a roller use dynamic braking on a screw- 
down, because if he can stop more quickly by plugging and he 
IS working on a tonnage basis, he is going to plug. ^It instal¬ 
lation IS now working very satisfactorily and it has been for some 
months. 
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I certainly agree with Mr. Riggs concerning the advisability 
of using a magnetic controller in a large number of cases. There 
are, however, still some applications where the manual controller 
is quite satisfactory. In a mill control, there is one point in 
connection with the use of automatic controllers which I think 
should be brought to the attention of manufacturers. In 
blooming mill practise nowadays you have two or three different 
operators using the same master controller at different times 
in the twenty-four hours, and it is on this matter of master 
controllers that the manufacturers have fallen down more than 
on any other point. The master controller should be so heavy, 
rnechanically, that a man cannot break it, and I think that most 
of the steel mills in the country have designed master controllers 
of their own simply to get them heavy mechanically, so that they 
will be able to offer considerable resistance to abuse. In those 
cases where a man comes on and works eight hours, and is relieved 
by another man, and he in turn is relieved by a third man, it is 
hardly to be expected that each of these men will take the same 
pride in the apparatus, as if he were running a lathe in a machine 
shop, and was the only man to use it. 

Another point regarding automatic control that has come to 
my attention of late, is the fact that in certain cases we have 
found that with automatic control we have practically eliminated 
the up-keep on motors and controllers; but, curious to relate, 
increased the trouble on the mechanical end. I have talked 
this matter over with various engineers, and the only solution 
we have come to that appeared to apply to the case was the fact 
that with a magnetic controller we get in most cases a very 
much greater first rush of current than we do with the manual 
control, that is, the initial rush which is represented by a small 
fraction of a second. In any reduction on spur gear drives there 
is a certain amount of back lash, and as the operator plugs the 
control, the taking up of the back lash gives a hammer blow, 
which is greater the further down you go in the reduction. It 
may be necessary, in order to overcome this defect in special 
cases, to introduce resistance so that as the reverse contactors 
come in only a very small amount of current will be allowed to 
flow through the motor instantaneously, and then the regular 
sequence of acceleration will be taken up. 

In Mr. Riggs’s paper he recommends on a control panel, in 
addition to the double pole contactors, a^ single-pole contactor 
on the other side of the line, and an additional pair of fuses. I 
believe that if we tried to eliminate every possible source of 
trouble we would get into altogether too many complications 
for successful steel mill operation, and I am of the opinion that 
putting in these extra fuses to overcome trouble on the contactors 
is an additional complication. 

It has been suggested that instead of using contactor coils, 
shunt coils with external resistance, only continuous operating 
coils should be designed and put out. There is one point where 



906 


MILL CONTROLLERS 


[April 15 


continuous operating coils are liable to get the operating end 
into trouble, and that is on screw-down work, where a man makes 
very small movements. With a continuous operating coil he 
can get a condition where he just gives the coils sufficient of a 
start for the copper tips to touch, draw an arc, and freeze in. 
The only excuse for the external resistance in shunt coils is to 
get a snappy action in the coil, so that it eliminates, to a large 
extent, the possibility of touching the tips and freezing the con¬ 
tactors in. 

Paul Caldwell: Regarding the last point brought up by Mr. 
Coey, r have a suggestion to offer, which will eliminate this 
trouble. A contactor coil wound for 125 volts with liberal 
overload capacity, will stand 220 volts applied intermittently 
on service as outlined by Mr. Coey. These coils will give the 
contactors the snappy action required of them on rapid reversing 
service and have been successfully employed for several years. 
A uniform installation can be made by using 125-volt coils for 
all classes of service, connecting them, two in series for ordinary 
service and directly to 220 volts for service first referred to. 

Mr. Coey also mentioned a particular screw-down on which he 
has been able to secure faster operation by means of dynamic 
braking than by plugging. It has always been my opinion that 
dynamic braking is a negative or retarding torque whereas 
plugging is a positive torque applied in the reverse direction to 
rotation. 

It seems to me, though Mr. Coey states he has accomplished 
this result, there might be some error in the calculations as to 
the time required to vStop with the two methods, or there is 
some special feature which has not been mentioned by Mr. Coey. 
Personally, I believe that a positive torque, exerted in the re¬ 
verse direction to rotation, will bring a motor to rest more quickly 
than a negative torque, such as dynamic braking, which loses 
its energy as the speed of the armature approaches zero. 

With reference to Mr. Riggs’s paper, in the tabulation for hot 
and cold saw work, he recommended a simple automatic push 
button control. I believe it would be better to add dynamic 
braking. A cold or hot saw will usually run several minutes 
after the motor is disconnected from the line, whereas with 
dynamic braking it would be stopped in a few seconds. This 
application has been successfully made and I believe the advan¬ 
tage gained from standpoint of safety warrants the additional 
expense. 

Mr. Motz has brought up the question of manual control for 
cranes, and made some comparison between the dial type and 
the drum type, or what he terms the “ street car ” controller. 
The “ street car ” or drum controller has many distinct advan¬ 
tages which a dial type does not possess and I am glad to see 
that it is being more universally used for all classes of industrial 
work. 

From the standpoint of safety,' the drum controller affords 
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complete protection to the operator, being entirely enclosed and 
having no live parts exposed. It is both dust and moisture 
proof, and can be successfully used for outdoor work as well as 
indoor. 

On the other hand, nearly all dial controllers are unprotected, 
thus exposing the operator to contact with live parts. 

There is always more or less arcing or flashing connected with 
the operation of these forms of controllers and blow-out devices 
are employed to minimize this and to insure the successful break¬ 
ing of the circuit at the “ off point.” This is more success¬ 
fully accomplished in the drum type controller by virtue of the 
fact that a flash board is used in connection with the blow-out 
which causes the arc to be directed away from the contact point 
and also prevents it spreading to adjacent segments or fingers. 
With the dial controllers, there is no means of controlling the 
direction of the arc and the result is a sputtering effect which 
produces a severe burning between segments. Also where^ the 
service requires the controller to break high peak loads, it is 
frequently necessary to provide magnetic switches to open and 
close the main circuit. 

This continual flashing on a dial controller, especially where it 
is mounted directly in front of the operator, is not only dangerous 
but impairs the operator's vision and frequently results in per¬ 
manent injury to the eyesight. This fact was brought out in a 
recent meeting of the Association of Iron and Steel Electrical 
Engineers, devoted to safety. It was also meiitioned by one of 
the foremost steel mill engineers present that this flashing was so 
noticeable at night that the cranemen appeared to be exchanging 
flash signals instead of operating controllers. 

In regard to making repairs, the drum controller is as accessible 
as the dial type. It is no more difficult to remove the cover 
from a drum controller and replace a clean finger or segment 
than it ivS to replace the badly burned segments or brushes of a 
dial controller 

When applied to hoisting service where dynamic braking is 
used, the drum controller will provide better operating character¬ 
istics than the dial type. On account of the construction of the 
dial controller, making it necessar^^ to pass oyer the resistance 
segments in consecutive order in both directions of operation, 
its speed adjustments in one direction are liniited by uhe speed 
requirements in the other direction. That As, any change ^ of 
adiUvStment in speed values in the lowering direction necessarily 
changes the speed values in the hoisting direction. Vice versa, 
any change in the hoisting speed values also changes the lowering 

speed values. , ^ a 

With drum controllers these speed adjustments can be made 

independent of one another inasmuch as the resistance contacts 
need not be arranged in consecutive order and may be staggered 
to meet any conditions. This perinits of one or more stops of 
resistance being used in the field circuit to secure high speeds 
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when lowering without having this same resistance in circuit at all 
when hoisting. 

With this flexibility of speed adjustments it is possible to secure 
a lowering speed with light hook of 150 per cent rated full load 
speed of motor and at the same time not reach a dangerous full 
load lowering speed or impose any limitations on the hoisting 
speeds. 

I do not believe it is possible with a dial controller to come 
within probably 30 per cent of the high lowering speeds secured 
with a drum controller and not materially affect the speeds in 
the hoisting direction. I should like to know if it has been 
accomplished. 

J. A. Albrecht: In respect to the dynamic brake controller 
on the screw-down, my experience has shown that Mr 
Coey is right. It is not necessary, as Mr. Caldwell says, to wait 
for the tail of the curve on the dynamic brake. As you all know, 
when you apply the dynamic brake you get quite a rush of cur¬ 
rent which stays up for a time and then falls off very gradually. 
Where the time is lost in dynamic brake controllers is on the tail 
curve, where there is practically no, braking action. 

Mr. Coey also brought out the point that the operator, if he 
did not get the correct stop to his dynamic brake, would plug. 
By means of a double-pole contactor with one of the contactors 

* 1 ? 1 dynamic brake, by the back contact action 

the back being closed by gravity and electrically sealed, we can 
prevent the revemal until the motor is practically at rest., 
But if we are '^illmg to stand for a little plugging, by shunting 
the series coil which holds the dynamic brake contact closed 
rrc can entirely eliminate the tail of the curve. We can get our 
effective dynamic braking action, and then at a certain point, 
probably at 50 per cent full load current or higher, if we desire 
we can allow our reversing switch to close in the other direction! 
and thus (mt off the tail of the curve and save considerable time. 

ink that rnethod of screw-down operation has been con¬ 
clusively proved to be the fastest drive. 

T. E. Tynes: There is one point which has been touched on 
!!f lightly ^his afternoon. Mr. Rushmore made mention 
of there being 5000 different motors of one type. I think we 
have about five thousand different motors of seWral types, and 

^ here this afternoon for standardization. 

motor builders, when they get a good thing, 

T salesman calls me up on the telephone and 

^ fP- appointment to see you. I have 

a new type of motor I would like to explain to you and tell you 

kinds we have in our plant, besides four or five 

different types, and you can imagine the 
time we have in keeping spare parts for these motors. We have 

enormous stock of supplies in the way of spares, and 
that means tying up quite a considerable amount of capital. 
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I think within the last four or five years, or less than that, 
there is not a motor manufacturer represented here but has 
changed his standard in some particular or another, just enough 
to make it impossible for us to apply some of the spare parts we 
have for the other types of motors, to these newer motors. Then 
when we buy this new type of motor, we immediately have to 
buy spares to secure the protection that the mill superintendent 
demands. 

Mr. Motz spoke of its not being good engineering to apply 
a 50-h.p. motor to a 25-h.p. motor shaft. It may not be good 
engineering, theoretically, but I think it is good practical en¬ 
gineering to apply a 25-h.p. motor to control a20-h.p. job, rather 
than to carry a special design of motor for that particular job. We 
have to look out for the investment side of it, as well as the 
theoretical engineering side of it. 

K. A. Pauly: I will say one word in reference to what Mr. 
Tyne spoke of, because I think he hit the motor manufacturers 
a little too hard. In the first place, there are two reasons why 
the designs are so rapidly changed. The fundamental reason is 
the fact that the whole development of the art has taken place 
in such a .short time that many of the old machines which were 
inefficient and inadequate to meet the needs of service are still 
in service. That means in most plants there are representatives 
of all stages of development. In the second place, the manu¬ 
facturers of motors wish that the users of motors would standard¬ 
ize their practise. It frequently happps that when we get a 
motor standardized and we make quotations based on that motor, 
we are told that it is a little different from what some one else 
has quoted on, and that our proposition will not be acceptable 
unless we quote a motor as specified. There is cause for com¬ 
plaint on both sides, but the matter will straighten itself out 
when the art is older and there are not so many changes made 

in the motors. ^ ^ ^ 

W. T. Snyder: I was very much interested in Mr. Stratton s 

paper. I think these simple equations such as he gives are 
very good. They are certainly appreciated by the operating 
men; not that they should lean on these equations altogether, 
but to use them in a way, in connection with an ammeter, a 
voltmeter and a stop-watch. I mean to say they are ^good 
things to check up with. Sometimes we get rather suspicious 
of these theoretical calculations; but at the same time I do not 
think we want to take the stand that we desire to discourage 
them altogether. We do have use for them, and I want to 
thank Mr. Stratton for them. We would like to have some 

more of them. ^ i 

I was very much interested in what Mr. Rushmore said 

about the five thousand different kinds of motors. There 
certainly could be a lot of work done in that direction by a 
well-balanced committee getting after a condition of that kind. 
I believe that if a committee, made up of controller users, 
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motor users, representing the applications to which these motors 
are put, would go through these five thousand different, types 
they could be reduced very materially. I do not believe any 
one of them could do it—I do not believe the controllers can 
be cut down by themselves, and I do not believe that the motors 
can be cut down by themselves to any great extent. All of 
the factors must be taken into consideration. 

In regard to mistakes in application, particularly roll tables, 
that Mr. Coey referred to, I was just wondering whether he 
should not say that most mistakes which have come to notice 
have been made on mill tables and screw-downs. That appli¬ 
cation is pretty close to the management, and a mistake made 
there is generally known, but I do not believe it is the only 
place where mistakes have been made. 

I happen to recall a crane, which was hard pushed to keep 
up with the mill, not so much on account of the speed of the 
crane, as the continuity of operation, and the mill management 
wanted to know if something could not be done. By the time 
they got a roll ready they did not have any crane; on account 
of trouble with the controller, trouble with the brake, trouble 
with the motor, and trouble with upsetting the lifts. We 
analyzed the condition and decided to cut down the speed by 
changing the gear reduction on the hoist motor and also on 
the trolley motor, and now when we are feeling blue about 
something else we go around and ask the mill manager how his 
crane suits him, and he says it is the best he has ever had. The 
same thing applies to delivery tables for the mills. We prob¬ 
ably have delivery tables running, taking but a fraction of a 
minute to deliver the material from the mill, and it takes the 
mill a minute and a half to roll the material, and w^hat is the use 
of getting the product away from the mill in a few seconds, 
and then have the table shut down or running idle? I think 
it is better to slowdown the table and let it carry the product 
away from the mill at the rated speed. This would apply 
particularly to a plate mill table where there must be a certain 
amount of cooHng, which may as well be done on mill tables 
as on the cooling bed. 

Mr. Coey made reference to the trouble with master controllers. 

I can bear him out on that point, not only with respect to master 
controllers, but push-buttons. We had a good deal of trouble 
in getting a push-button that would stand up. The push¬ 
button and the master controller are the nearest things to the 
operator and about the only things an operator can abuse in 
connection with an automatic controller, ^le know that the 
operators, as weU as ourselves, get out of humor sometimes, 
and very often the master controller or anything that is handv 
has to suffer. There is a good deal of trouble from that sourceS^ 

the mechamcal weakness of master controllers and push-button 
switches. 

Mr. Pauly brought out the point that this matter of stand- 
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ardization is not up to the manufacturers. I quite agree with 
him there. The manufacturers are going to give the purchaser 
just about what he wants, provided the purchaser will pay 
the price. All must work together on that subject. 

In further reference to the matter of standardization of mag¬ 
netic controllers, I would say that the Association of Iron & 
Steel Electrical Engineers have this matter up through their 
Standardization Committee, with an idea of starting in to 
standardize the simpler types of controllers. It seems to me 
that with the controller properly standardized, we should^ be 
able to offer a controller of a certain type, instead of specify¬ 
ing a 30-h.p. controller, which has to be idle so many minutes 
a day and so many minutes a day busy, and things of that kind. 
We would be able to specify, for instance, a screw-down controller 
for a certain size blooming mill of a given capacity. Specifi¬ 
cations should be given to the different manufacturers so that 
we should be able to call for 10-ton cranes for ordinary service, 
hard service and the like. We should also be able to call for 
a controller for a 10-ton machine shop crane, and a controller 
for a 10-ton foundry crane, and these two controllers would 
probably come off the same shelf. I think that contmllers 
could be standardized along that line and make it much simpler 

for everybody concerned. ... , 

K. A. Pauly: With reference to the question of the number 

of standard motors, the following figures may be of passing 
interest—take, for example, a line of induction motors, and 
consider only one size, from 1 to 200 h.p., inclusive. There 
are approximately fifteen different capacities 
designed for five different voltages, 110, 220, 440, 550 and 2200, 
making seventy-five in all; three frequencies, 25, 40 and 60 cycles, 
which raises our number to 225. The^ speeds reqmred win 
probably average about four, which again increases this num¬ 
ber to 900. Water resisting, fire resisting and ordinary in¬ 
sulation will probably average about two per size, making 
the total 1800. Allowing two as the average for open, en¬ 
closed and semi-enclosed, vertical, horizontal, etc., oux hgme 
is 3600. Then the types used for crane, mill, constat rating 
with other special ratings, will approximately double this figure, 
making it 7200. Then if we consider the broad 
squirrel-cage and polar wound rotors, it will approximately 

double this, making our total 15.000. or-^r =iio-CTf.c!tinn 

I think the manufacturers will all ^preciate any 
from the users as to where we are to begm to make the reduc- 

D. James : In discussing the question of standarfcation 
I think a word of commendation should be said for 
engineers. About ten years ago the the deleloo^ 

to steel mills was being senously considered and the develcg^ 

ment was becoming quite extensive. The ®l®®trical en^ne^s 
S the steel mills organized and standardized a considerable num- 
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ber of their requirements, such as the speeds of motors, volt¬ 
ages, etc. This has helped the manufacturers in producing better 
apparatus and making better deliveries. 

Undoubtedly the manufacturer would like the customer to 
state his requirements, but he must assist the customer, as the 
result is a question of adjusting manufacturing conditions to 
accomplish the wants of the customer. During the past ten 
years a great deal of information has been obtained by tests 
and the tabulation of data which enables the electrical engineer 
to apply motors to the various operations in the steel mills with 
as much, if not greater precision, than the application of motors 
to traction work. In a number of cases the electrical engineer 
has been able to guarantee the kw-hr. required to roll a ton 
of metal. 

Mr. Stratton’s paper is entitled Mill Controllers ” but it 
deals largely with motors, I think this is perfectly proper be¬ 
cause if the motor is not properly selected it is very difficult 
for the controller engineer to furnish apparatus that will give 
satisfactory results for the equipment as a whole. The con¬ 
troller simply supplies the functions which the motor itself does 
not have inherently in its own design. I believe we are get¬ 
ting closer to the solution of electric drive when we discuss the 
motor and controller together as we have been doing here this 
afternoon. 

I hope that business conditions in the electrical industry 
will enable the manufacturers to cooperate still further with the 
operating men so. that fewer sizes and varieties of motors and 
controllers will be required. This will not only benefit the 
manufacturers but will reduce the number of spare parts re¬ 
quired by the customer. 

Graham Bright: I wish to say a few words more in defense 
of the manufacturer. The condition in motor design can be 
compared somewhat to the fight between large guns and armor 
plate. Every time some fellow brings out a new armor plate 
the gun makers gpt busy and bring out a gun to put a hole 
through it. That has kept going on for years, and is the reason 
why neither armor plate nor guns become standardized. Every 
time the motor manufacturer comes out with something a 
little better, another manufacturer attempts to improve on it, 
and so it goes on. If the art of steel manufacture were at a 
standstill, the manufacturer of motors could bring out a line 
of motors which could be standardized; but the steel mill art 
is being improved right along. As fast as we bring out a motor 
which will meet a certain set of conditions, the mill operators 
immediately establish a new set of conditions, more severe in 
many cases. This makes it necessary for the manufacturer to 
immediately get busy and bring out a new motor to meet these 
conditions, so we are not altogether responsible for these many 
changes in types of motors. ^ It is merely caused by the advance 
inThe art of both steel making and motor design and will prob- 
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ably^continue for_ some time. It is hardly probable that any 
standardization will be such that a set of motors will be brought 

years without change. 

H. Markland (by letter): I am very much pleased with 
the improvements that have been made in motor control in 
the last few years, especially the so-called push-button control 
as applied to d-c. motors. These are reducing the repair ac¬ 
count both for motor and rheostats as compared to the old dial 
and drum types of control. 

In some respects it would appear that the machine tool 
builders when applying motors do not give the question of 
control the attention it deserves. On several machines made 
by good concerns the rheostat appears to be located any'where 
and not in reference to handy reach. 

On a number of machine tools the friction clutch is employed. 
Where a d-c. motor is used this could be profitably done away 
with by employing a standard make of push-button control 
with push-buttons, placed convenient to the operator. This 
will result in a saving of current as the motor would be idle 
when not cutting, in place of present practise of running motor 
light. 

One method of remote control that was new to the writer 
in application may be of interest. A six-foot drill press of • 
standard make was worn from long continuous service and was 
returned to the makers for general repairs and application of 
d-c. motor. A motor was applied in the customary manner 
except that the customary friction clutches for controlling for¬ 
ward and backward rotation of drill spindle were omitted; that 
is, the power was transmitted from motor to spindle through 
the customary gears and shafts. The motor was variable 
speed and was controlled for forward and backward rotation 
by a switch similar in general appearance to a drum controller, 
this being placed on the drill spindle housing directly in front 
of the operator; also a field control rheostat was placed near 
the motor. When the handle of control switch is in horizontal 
position the motor is at rest, or if thrown from either running 
position to this position the dynamic brake is applied. Handle 
in down position, motor runs forward—up position, backward. 
Between horizontal and up or down the motor comes to rest 
slowly. It has been found that the drill press can be reversed 
in a fraction of a second and that it is entirely safe for tapping 
holes and has all the advantages of the former clutch arrange¬ 
ment without the disadvantages. When not drilling, the motor 
is at rest, as it takes very little effort on the part of the operator 
to stop the motor. There is nothing new or novel in the motor 
control and similar outfits may be bought from several concerns. 

In these days of sharp competition it is quite essential to 
reduce the labor of the tool operator as much as possible and 
with a proper arrangement of control apparatus a large num¬ 
ber of steps may be saved in the course of a day’s work. 
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Palmer Collins (by letter): The development of electrical 
apparatus for use in steel mills has resulted in a wonderful im¬ 
provement in methods of handling auxiliary apparatus and has 
resulted in the use of types of apparatus which would be im¬ 
practical without the use of electrical drive. Mr. Stratton, in 
his paper on mill controllers, has given some of the reasons for 
benefits to be derived from electrical apparatus, and I think 
in addition to those he gives, there are two other results of the 
use of electrical apparatus in a steel mill which are of great im¬ 
portance. An electrical system, unlike a direct engine or a hy¬ 
draulic drive, has no definite maximum capacity. The individual 
motors can have several times the capacity of the generating 
station, which can take care of peak loads without trouble, as 
can also the individual motors. The engine or hydraulic drive 
has a fixed point of maximum power and fails when called upon 
to give more than this to take care of any extraordinary con¬ 
dition. In addition to this, the electrical drive of auxiliaries 
such as roll tables, etc., practically always results in a reduction 
both in the cost of repairs and in delays caused by breakdown 
of the apparatus itself. This is due to the improved starting 
characteristics of the motor, particularly if it is equipped with , 
automatic control. 

* I believe that the use of automatic control is of great im¬ 
portance in steel mill service. I have installed it on main roll 
drives, heavy hot metal open-hearth cranes, reversing roll tables 
and all kinds of miscellaneous motors down to |h.p. I believe 
that in practically all cases it is superior to any kind of hand 
controller. Considering the type of men who necessarily 
handle motors, it is much safer and its use undoubtedly results 
in less trouble with motors and machinery. My experience 
with these self-starters has, on the whole, been very satisfactory, 
but occasionally I have had experience which led me to believe 
that the manufacturers have not kept in mind the number of 
times which this apparatus is used per day and the wear and 
tear caused by the continuous use. In consequence, the ap¬ 
paratus has been built too light for the service. This applies 
even to the latest design of apparatus by some manufacturers. 

I have found in both self-starters and hand starters of several 
manufacturers a relay in the shunt field of a starter for a com¬ 
pound motor. This has invariably caused trouble, particularly 
if the motor is subject to quick variations in load, as this relay 
is very liable to be de-energized by the sudden increase in load 
on the motor. 

I think that Mr. Stratton’s point in regard to the slipping of 
the rolls on the material is very well taken, as it is my experience 
with the reversing roll tables, that the rolls slip on material 
considerably and that the acceleration of the motor and table is 
liable to be much faster than is necessary. Where an engine 
^ve of reversing mill tables has been replaced by motor, this 
is particularly liable to be the case, as the information is based on 
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data derived from the engine performance and may be biased 

operator to insure quick operation. 

C. D. Gilpin (by letter): I wish to congratulate Mr. Stratton 
on showing us that mathematics as applied to steel mill engineer¬ 
ing may not be as mysterious and impractical as most of us 
think. The method of regarding all the properties of the 
mechanism as concentrated on one shaft is one which the writer 
has found almost essential when making an analysis of the per¬ 
formance of certain high-speed mine hoists. There is an element 
that enters into these calculations, however, that Mr. Stratton 
has not touched on, but which is likely to be somewhat puzzling. 
This element consists of the friction losses in the gears and 
countershafts, and is often taken as a constant quantity. When 
so taken, it may be added to the actual load torque, and this is 
undoubtedly the best way to work out an approximate solution. 
Actually, however, the friction varies with the amount of power 
which is transmitted through the gears, and in cases where great 
accuracy is required it is necessary to consider this feature. 

The writer wishes to take exception to Mr. Stratton's con¬ 
clusion in which he states that the kilowatt-hours necessary to 
move the machine any number of revolutions is least when the 
time, t, is a minimum. This is true through a certain variation 
in time values, but when t is reduced below the critical point, the 
kilowatt-hours will again begin to rise. My conclusions in this 
matter are based on Mr. Stratton's equation (6), which is as 
follows: 

, _ /v/Ttt N (Ji + h r^) , \/Att N(Ii + hr^) 

g{Tr-F) ^ grT-gF 

Let the numerator of the quantity under the radical be repre¬ 
sented by ^ 1 , while the quantities gr and gF may be represented 
by ^2 and ^3 respectively. (All of these three terms are constants 
for any particular case). 

Then, 


hTfi - = h and Tt^ = A- (b) 

K2 K2 

Let work be represented by Tip, in which the constant p is 
merely a conversion factor between torque and amperes input. 

Then, work = W = Tip] and Tf == W-^ 



Substituting in equation (b), 
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and W = 

dW ^ ^ _ 
dt ki 



; differentiating, 

Equating to 0 to obtain the 


minimum value oi W, ; 

substituting in (a), 



h=k2T-kz, r=^ 

k<2, 


2gF 2F 

gr r 


(c) 

This indicates that to keep the expenditure of energy to a 
minimum, the acceleration torque and the load torque should 
be equal. Applying equation (c) to Mr. Stratton’s equation (16), 




It may be interesting to substitute in this equation the con¬ 
stants used in the example worked out by Mr. ■ Stratton. We 
will then have the equation 



3 ^ 272.3 


3.75 


which happens to be close to the value obtained by Mr. Stratton 
(3.46) for the best value for quick starting and stopping. 

It would be interesting to work out the current curve of the 
mechanism for which Mr. Stratton has given the constants, 
assuming that the countershaft must make a given number of 
turns, and using both the old gear ratio and the new ones de¬ 
veloped by Mr. Stratton and myself. Such an analysis, how¬ 
ever, would take a considerable length of time and could not be 
considered as a general case. Owing to the varying speed 
characteristics of the series motor, it is impossible to work out 
any general formulas except for acceleration and retardation, 
or this reason also it is impossible to develop any general 

expression for the heating of series motors. 

It should be borne in inind, of course, that the primary object 
o e g^nng of steel mill machinery is not to keep the power 
mput and heating of the motor to a minimum, but is to facilitate 
the h^dling of the steel at the highest practicable rate, as is 
very ably developed in Mr. Stratton’s paper. 
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CONTROL OF DIRECT-CURRENT HOISTS IN IRON 

AND STEEL MILLS 


BY G. E. STOLTZ AND W. O. LUM 


Abstract of Paper 

^ The control problem discussed in this paper is confined en¬ 
tirely to a typical example of a skip hoist. An outline of the 
conditions existing in the case of this particular application 
IS given in which the load on the hoist is divided into three 
parts, namely, the friction load, the inertia of moving parts, 
and the useful work in hoisting the net load. The proper cycle 
of operations is determined, which in turn determines the required 
characteristics for the motor and controller which are together 
considered as a unit. The details of this d-c. skip hoist control 
are described and illustrated. 


T^HIS SUBJECT would, in generp.!, confine our discussion 
to skip hoists, cranes and ore handling machinery, the 
operation of each being sufficiently different from the others 
to warrant individual consideration. To treat each of these 
applications properly would require too much time, so it has 
been decided to confine our discussion to a typical example of 
a skip hoist. 

In order to design control apparatus intelligently for an 
application of this kind, it^ is necessary for the engineer to 
understand fully the function of the various parts of the driven 
apparatus as well as the operating characteristics of the elec¬ 
trical machinery. We will therefore outline the existing con¬ 
ditions of this particular application, and then suggest a control 
which seems best to meet the definite requirements set forth. 

Skip Hoists 

Fig. 1 is an illustration of a typical hoist which has been 
selected for consideration* in this paper. The load on a skip 
hoist can be divided into three parts, namely, friction load, 
inertia of the moving parts, and useful work in hoisting the net 
load. 

The static friction at the moment of starting is,, of course, 
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greater than the running friction, but it is a comparatively 
small item, and with the machine in approximately continuous 
operation the static friction is not excessive, so that it is ordi¬ 
nary practise not to differentiate between static and running 
friction in calculating the load cycle. No formula can be used 
to determine definitely the friction, but various empirical rules 
are employed which approximate the true values sufficiently 
close to that obtained on hoists under normal operating con¬ 
ditions. 



Pig. 1—-Sketch of Typical 
Skip Hoist 



Fig. 2—Chart Showing Relative 
Inertia Values of Moving Parts 

A—Motor armature 
B—Drums 
C—Cars and ropes 



The next item involved is the inertia of the moving parts. 
The apparatus involved consists of the drums, sheaves, gear- 
ing, armature, ropes, skips, and net load. The energy required 
to overcome the inertia of a moving body varies directly as its 
weight and as the square of its velocity. Therefore to mini¬ 
mize the starting and braking peaks, care should be exercised 
m the design of the apparatus. The. diameter of the rotating 
parts should be kept as small as possible consistent with good 
mechanical design, as the velocity of these parts is a direct func¬ 
tion of the diameter. This feature is characteristic of revers¬ 
ing mill motors, which are designed long and small in diameter 
to reduce their flywheel effect. 
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The weight of the armature is comparatively small, but its 
higli velocity makes it an important item, as is indicated in Fig. 2. 

The skip will occavSionally be operated empty, the cycle being 
approximately as indicated in Fig. 3. The normal operation 
of this particular skip is two loads of coke, net weight 3000 lb. 
each, two loads of limestone, 3000 lb. each, two more of coke 
and four loads of ore, 6000 lb. each. This cycle will be varied 
to obtain satisfactory distribution of the material in the furnace, 
but is sufficiently near the average operating conditions for our 
purpose. Occasionally a load of scrap weighing 9000 lb. will 
be hoisted, but this is rare and need not be taken into con¬ 
sideration except as an overload for a few seconds. Fig. 4 
graphically illustrates the load cycle when hoisting a 3000-lb. 



Fig. 4 



Fig. 5—Chart Showing Dis¬ 
tribution OF Energy when 
Accelerating 3000-lb. Load 

A—Rheostatic loss C—Friction 
B—Inertia D—Useful work 


load. The curve is plotted between time, expressed in seconds, 
and torque expressed in equivalent horse power. During the 
accelerating period the dash line AB represents the actual 
mechanical output of the motor, but, since we are interested 
in the current taken from the line, all energy values will be 
expressed in the horse power equivalent of torque. The area 
enclosed in the triangle ABC represents the energy dissipated 
in the starting resistors during the accelerating period. This 
is one-half of the total input while coming up to full speed, as 
indicated in Fig. 5. 

It will be noted in Fig. 4 that the initial peak is only 66 h.p., 
whereas we would naturally expect it to be 105 h.p. This is 
the result of lifting the top skip off its track. 

Before dynamic braking was introduced, with magnetic con¬ 
trol, it was necessary to lift the skip two to four inches off the 
track when hoisting light loads to make sure the heavy loads 
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would rise to a sufficient height to dump. At present dynamic 
braking can be made severe enough to practically stop all loads 
at one position. There is nothing to gain by doing this, and 
the rope is therefore adjusted normally to lift the top car off 
the track a few inches. This utilizes the whole car as a counter¬ 
balance and helps to land the skips more carefully. When the 
cars are again started the top skip still acts to its full capacity 
as a counterbalance and reduces the initial current peak 
accordingly. 

On a vertical hoist the line CB would be straight, the differ¬ 
ence in height of the two points being due to the transfer of the 
weight of the rope from the load to the counterbalance side of 
the hoist. During the acceleration period the top car comes 
down over the knuckle, which changes its effect as a counter¬ 
balance, and accounts for the shape of the curve CB. 



Fig. 6 



Fig. 7 


The line represents the load when hoisting at constant 
speed. As the loaded car rises and the empty skip lowers, the 
net weight of the rope gradually favors the counterbalance and 
decreases the energy taken from the line. 

During the period EF it is proposed to operate the control 
,to obtain a gradual slow-down. When the loaded car goes up 
over the knuckle and starts to dump very little energy is re¬ 
quired to continue its travel, as indicated by the shape of the 
slow-down curve. During this period we have friction and net 
weight acting against the inertia of all moving parts. If the 
latter is not sufficient to carry the car to its destination the 
motor will take energy from the line. Just before the cars 
reach their final position, dynamic braking should be introduced 
to bring the apparatus to a stop, at which time the line switches 
should be opened and the holding brake applied. 
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Fig. 6 represents the 6000-lb. ore load, and Fis-. 7 the oroa- 

sional 9000-lb. scrap load. Both are developed in the same 

manner as Fig. 4. The time of acceleration increases with the 

load as the senes switches will not operate so rapidly as with 
iignt load. 


The interval of time between hoisting varies considerably 
but the capacity of the control installed is determined by the 
maximum demand which generally occurs after a breakdown. 
^ f the skip is not in operation for a period of time, the burden 
in the furnace may become so low that two or three hours are 
required to bring the furnace back to its normal condition. 
Ihe rating of the control should therefore be based on the 
regular cycle of hoisting the 3000-lb. and 6000-lb. loads with 
an average interval between trips of eight seconds. The ap¬ 
paratus will then be somewhat liberal for ordinary operating 
conditions, but this is a point which should be received with 
favor, as low maintenance and continuity of operation are im¬ 
portant in an application of this type. 

The root-mean-square current will determine the carrying 
capacity of the switches with reference to heating. For the 

different loads these values, as well as themaximum values, are 
as follows: 


M. S. Maximum 


Load 

H.P. 

Current 

H.P. 

Current 

9000 

76 

300 

128 

500 

6000 

57 

240 

110 

430 

3000 

42 

182 

102 

400 

Friction 

24 

116 

83 

334 


The average heating current taken from the line during the 
heaviest cycle of hoisting the 3000-lb. and 6000-lb. loads is 
210 amperes, and the maximum is 430 amperes. The acceler¬ 
ating switches can open immediately after the last switch is 
closed so that they only need to carry an average current of 
380 amperes, for a short time during each cycle. 

The slow-down switches should be designed to handle the 
current adequately during this period of the cycle. The values 
actually obtained depend somewhat on the method employed 
in bringing the apparatus to rest. 

Resistance will be required during the starting and retard¬ 
ing periods. An average of 220 h.p-sec. must be absorbed 
during the starting period of each cycle, and 600 h.p-sec. when 
retarding. 
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Fig. 8 shows a sequence of control, starting at rest and ac¬ 
celerating the motor to full speed, then the slow-down and 
stopping of the load. 

The acceleration of the motor is controlled by a current- 
limiting device. For this reason the amount of current taken 
by the motor on the first notch must 'be sufficient always to 
start the motor with the maximum load of 9000 lb. This 
means that the starting current should be something more than 
the value required to start the load under ordinary conditions, 
so as to take care of tight bearings and other variations in 
the load. 

The number of accelerating 
points that is required will be 
determined by the maximum 
current peaks permissible. 

The number will also depend 

upon the characteristics of _ 

the particular motor used. 

It has been found in practise Hrststepstarting.AiiRes.in. 



that six accelerating switches 
usually give satisfactory re¬ 
sults on hoists of this char- 



AII Res. cut out Step by Step 


acter, with motors of 100 to 

200 h.p. 

Series-wound switches may 
be used for all but the last ac¬ 
celerating notch. This last 
notch should be a shunt 
switch or its equivalent. This 
switch is used for short-cir- 



All Res. and Series Reid Short Circuited 



1st. Slow-Down 

2nd. Slow-Down with leds Shunt Res. 

Off Position leaves Pyn. Brahe on Motor 


Fig. 8 


cuiting the series field of the motor, and it is very important that 
the switch remain closed after the motor has been brought up to 
full speed. There are conditions of operation which may cause 
the motor to regenerate, which will reverse the current and 
cause the series switch to open. 

After the skip has reached full speed and approaches the end 
of its travel, the motor must be slowed down in order to make 
an accurate stop. The diagram shows the slow-down is effected 
by connecting a resistance in shunt with the armature of tlie 
motor and opening all of the accelerating switches, which in¬ 
serts the series field and starting resistance between the motor 
and the line. The second slow-down step consists in reducing 
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the resistance in shunt with the armature. This shunt resist¬ 
ance causes a definite current to flow through the starting re¬ 
sistance and senes field of the motor. This shunt current is 

so current taken by the motor 

that a low voltage is impressed across the motor terminals’ 
This slow-down should exist for a period long enough to enable 
toe motor to reach a constant speed before it is finally stopped, 
he motor is stopped and the mechanical brake applied when 
e line switch is opened; the resistance is maintained across 
e mo or armature and the shunt field is energized so that a 
dynamic brake is obtained in addition to the mechanical brake. 

e acceleration and slow-down are obtained automatically bv 
means of proper switches attached to the hoist mechanism. 

controlled entirely from the master 
switch when desired. If the skip hoist should fail for any pro¬ 
longed period while the furnace is in service it will result in 
serious amage, and for that reason every precaution should 
e taken to prevent a failure with the electrical equipment, 
e master controller and limit switches should open both sides 
o all coil circuits and the shunt brake circuit, so that a ground 

or other disturbance on the control wire will not prevelt the 
motor being brought to rest. 

In equipping the skip hoist, or for other applications where 
It IS necessary to perform a definite cycle of operations and 
insure e customer against failure, it is very necessary to con¬ 
sider the motor and _ controller as a unit. The amount and 
_ ind of matenal forming the magnetic circuit of the motor will 
introduce a time element. The design of the motor itself may 
fit the amount of current used during different parts of the 
cycle The function of the controller is solelv that of furnish¬ 
ing the motor with the assistance the motor requires in going 
through Its cycle of operation. As the design of the motor is 
improved, some of the functions of the controller may be in¬ 
corporated in the motor, and the controller simplified. In slow¬ 
ing down and stopping the motor, most of the stored energy is 
in the armature of the motor. This item must be considered 
carefully so that the design will give a positive and accurate 
stop without imposing too great a strain upon the brake. 
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DIRECT-CURRENT CONTROL FOR HOISTING EQUIP¬ 
MENT IN INDUSTRIAL PLANTS 


BY W. T. SNYDER 


Abstract of Paper 

In selecting a controller for application to various types of 
mill rnachinery all the conditions must be considered, such as 
the class of operator, conditions of location, operation and 
rnainteiiance, relative irnportance of reliability, simplicity, cost 
o and initial cost. These points are illustrated 

by three different types of control as applied to a blast furnace 
Skip hoist, to a high-speed coal hoist, and to a low-speed ash 
hoist. In the first case reliability and continuity of operation 
are imperative, and other requirements are of secondary im- 
portance; in the second case, where an ordinary delay does not 
affect, plant ^ operation, questions of simplicity, repairs, main- 
tenance and initial cost can be given more consideration, as con¬ 
tinuity of operation is not absolutely essential; in the third case 
where the operations are performed by unskilled labor the most 
important requirements are that the controller perform its 
tunctions positively,^ accurately and automatically, and it 
should be provided with all the necessary protective features to 
avoid damage to the apparatus controlled. 


JT is the purpose of this paper to describe briefly the con¬ 
trollers on a few different types of hoisting equipment, 
and point out some of their advantages and disadvantages, also 
to point out what, in the writer’s opinion, are good points to 
be desired, as well as the undesirable features to be avoided in 
selecting a controller for the different classes of service. 


Blast-Furnace Skip Hoist 

A description of a particular skip hoist and controller is given 

below. Fig. 1 showing a general arrangement of the skip, cars, 
and hoist. 

The hoist is driven by a 175-h.p., 300-rev. per min., 230-volt, 
compound-wound d-c. motor, geared to two drums, each mounted 
on a common shaft. One of these drums winds up the hoist¬ 
ing cable while the other is unwinding, one car being at the top 
of the incline when the other is at the bottom. 

When the power is shut off the hoist, a solenoid-operated 
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band brake is automatically applied. The solenoid is shunt- 
wound and is energized by the closing of the reverse switches, 
and released upon their opening. The amount of power and 
time required through an operating cycle are shown in Fig. 2. 

As is shown on this curve, which was taken under normal 
operation, the time reqiiired to hoist the car to the top of the 
furnace and dump it is 40 seconds. If for any reason faster 
charging is desired, this time can be reduced to 33 seconds per 



1 _Skip Hoist for 500-Ton Blast Furnace 


trip by adjusting the accelerating relay to shorten the time for 
acceleration, and also, by making a slight adjustment, resistance 
is automatically inserted in the shunt field ciraut immediately 
following the last point of acceleration, and is cut o^ again 
just before reaching the normal slow-down point. When not 
needed, it only requires a moment to make the necessary ad¬ 
justments to allow the hoist to operate at normal speed. 

Should the hoist cable become sladr for any reason, such as 
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a descending car stopping on account of derailment, broken 
axle, etc., before it reaches the bottom, or if one of the duplicate 
cables should break, the sagging cable will open an electrical 
contact which will immediately cut off the power, and the 
motor comes to rest. 


To the hoist drum shaft is geared a contact arm which travels 
over a^dial on which there are contacts that control some of the 
operations of the main controller after the operator, who is 
located forty feet away, throws on the master controller to start. 

To the motor shaft is connected a small generator, the volt¬ 
age of which varies with speed of the hoist up to 70 volts maxi¬ 
mum. Across the terminals of this generator is connected a 
relay which varies the resistance that is connected in. multiple 



with the armature of the hoist 
motor at the slow-down point. 
This is accomplished by adjusting 
the relay so that it will operate 
when a load of coke or an empty 
car is being hoisted, and cut out 
at this point a section of the re¬ 
sistance that is connected in 
multiple with the hoist armature. 

When a heavier load is being 
hoisted, the speed of the hoist is 


Pig .2 —Skip Hoist—One 175- reduced, in consequence of which 
oon Compound-Wound Motor, the voltage from the small gener- 

654 Amperes ” high .enough to oper¬ 

ate the relay, and all the resistance 
is permitted to be in circuit across the terminals of the hoist 


armature, thereby producing less retarding effect at this point. 

While the permissible over-travel is 28 in., the actual variation 
in the stopping point, with this simple slow-down arrangement, 
does not exceed five in., and is due to the slip of the brakes on 
the various weights of load. 

A simplified wiring diagram of the connections of the motor 


and controller, and a chart showing the sequence of operation 
of controller switches, are shown in Fig. 3. 

This controller is located in the same building as the hoist¬ 
ing machinery. It is inspected and given any necessary atten¬ 
tion the same as all other electrical apparatus. 

During the past four years, the entire electrical equipment in 
connection with this skip hoist, including motor, controller^ 
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and wiring, has caused a stop of 55 minutes on the furnace, and 
was due to paraffine running out of a relay coil and getting on a 
secondary contact, thereby insulating the contact and causing 
the controller to fail to start. Most of the time was spent in 
hunting the trouble. With proper arrangement of terminals 
this fault could have been found by test in a very short time. 

When it is considered that the skip averages 16 trips per hour, 
seven days each week, and that the controller goes through the 
different operations of the cycle each time entirely automatically— 





Fig. 3—Scheme of Main Connections for Skip Hoist 

accelerates, slows down, and stops, with no further attention 
after it is started by the operator closing the master switch, the 
degree of reliability that can be obtained with a modern con¬ 
troller is evident. 

The master switch being located remote from the main con^* 
troller and hoist apparatus makes it inconvenient to maneuver 
the hoisting machine when changing or adjusting cables. This 
objection was overcome by providing simple hand control in 
the hoist house, consisting of several small knife switches con¬ 
nected to the main controller. A single-pole, double-throw 
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knife switch operates the reverse contactors; another single¬ 
pole, single-throw knife switch operates the accelerating switches, 
and another switch of the same type operates the slow-down 
contactors. This arrangement, in addition to convenience 
in maneuvering the hoist, permits the electric repairmen to 
try out the main controller after any adjustments or repairs 
without being required to signal some person to operate the 
master switch. The scheme has the advantage over a duplicate 
master switch in that any operation of the main controller can 
be performed out of its regular order. 

To prevent the car from approaching the stopping point at 
a dangerous speed, a relay is provided in circuit with the hoist 
armature and retarding resistance, that will operate to cut off 
power and apply the band brake should the circuit through the 
motor retarding resistance not be made at the proper time. 

A blast furnace can produce continuously a certain amount of 
iron which has a certain value, dependent upon market conditions. 
The maximum possible output under best possible conditions 
would, while these conditions remain unchanged, result in 100 per 
cent output. Certain conditions arise, however, which require 
that the rate of melting be reduced, which results in loss 
of production commonly and erroneously termed delay. 

A decrease in the rate of the melting process results not in 
delay of production but in curtailment of production, and 
should be referred to as a loss in tons of iron or in units of mone¬ 
tary value and not as a delay in units of time. The same 
reasoning does not necessarily apply in departments using the 
product from a blast furnace. 

In the case of an open hearth department depending entirely 
upon iron from the local blast furnaces, a shut-down is not 
necessarily a curtailment of production. As long as there is 
storage for the blast furnace production during a shut-down of 
the open hearth department and there is sufficient open hearth 
capacity to absorb the stored iron along with the nor mal out¬ 
put from the blast furnace, the stop could be properly termed 
a delay in production which would be regained later and would 
not necessarily represent a monetary loss in so far as production 
is concerned. 

On the other hand, if there is always an abundant supply of 
iron and a demand for the open hearth product, a halt in opera¬ 
tion in the open hearth department would be a curtailment of 
production and a monetary loss. 
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Therefore a failure of auxiliary equipment in any department 
beyond the blast furnace may result in a delay of production 
or a curtailment of production, dependent upon conditions. 
But a failure of auxiliary equipment of a blast furnace that 
causes a reduction of the melting rate is almost invariably a 

curtailment of production and a monetary loss that cannot be 
recovered. 

Thus it follows that in selecting auxiliary equipment for a 
blast furnace the feature most desired is reliability. In select¬ 
ing a skip hoist controller the requirements are in the follow¬ 
ing order: 

1, Reliability; 2, maintenance; 3, depreciation; and 4, 
initial cost. 

Reliability 

The detail parts of the controller should be as few as practi¬ 
cable in order to have a minimum number of possible sources 
of trouble. There should be enough switches to limit the 
accelerating current to a value that will not be harmful to the 
motor or other parts of the equipment. Four accelerating 
switches, thus giving five steps of acceleration, are ample. 

Main contacts should be self-cleaning to prevent excessive 
arcing and freezing. Auxiliary contacts should be so designed 
as to prevent accumulation of insulating particles that may 
come frorn. the atmosphere, or elsewhere. 

Usually there is heavy electrically-driven machinery opera¬ 
ting near blast furnaces that causes the line voltage to fluctuate 
widely, and shunt-wound switches, designed for 230 volts, 
particularly for skip hoist controllers, should be designed to 
operate successfully on any voltage between 175 and 260. The 
complete controller and its wiring should be so designed that a 
deposit of coke and ore dust that is common in the atmosphere 
about a blast furnace cannot cause grounds, short circuits, or 
sneak circuits. 

Skip hoist controllers have in many cases been unnecessarily 
burdened with elaborate and cornplicated schemes for obtain¬ 
ing smooth, uniform acceleration, and cut-off point confined 
within very narrow limits. This is sometimes a very desirable 
accomplishment for a skip hoist controller to have, but the ap¬ 
paratus necessary for the accomplishment introduces compli¬ 
cations and chances for trouble that very materially lessen the 
reliability of the controller, and the necessity for this close regu¬ 
lation should, whenever practicable, be avoided. A skip hoist 
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controller with which the writer is familiar was originally de¬ 
signed with retarding resistance graduated in about 50 steps, 
which, by means of regulating apparatus, could be varied to 
keep the motor speed practically constant from no-load to full 
load (that is, empty car to load of ore or limestone), through 
the slow-down period, which gave a minimum variation in the 
stopping point. It was found that a perfectly satisfactory slow¬ 
down effect could be obtained with the use of but two steps of 
retarding resistance. While regulation is not as close as with 
the original scheme, it answers all requirements and is very 
much more simple and reliable. 

Since operating a skip hoist is only one of numerous duties 
devolving upon one man, it is essential that the controller, after 
being started, perform all of its functions accurately, accelerat¬ 
ing, retarding, and stopping automatically. All reasonable 
protection should be provided, including overload, no-voltage, 
open shunt field, slack cable cut-out, over-speed, over-travel, 
and provision to cut off power and apply the mechanical brake 
in case of failure to complete the circuit through the armature 
and slow-down resistance. 

Resistors 

The resistor to be used with a skip hoist controller is seldom 
given sufficient consideration, and for this reason it is very 
often a greater source of trouble than the controller, and in¬ 
variably gives more trouble than it should. As the resistor 
has equal responsibility with the controller proper, and one is 
useless without the other, they should be given equal considera¬ 
tion. It is important that the resistor have sufficient carrying 
capacity to limit the temperature rise to 100 deg. cent. High 
temperatures will in time deteriorate any insulation now known 
to the art, and the result will be an ultimate breakdown. 

Alternate heating and cooling of the resistor result in loose 
connections, fatigued material, oxidation, broken grids, open 
circuits, short circuits, grounds, etc. The more frequent the 
alternations and the wider the temperature range, the sooner 
will come one or the other of the above-mentioned failures. 
Cast iron is not a desirable material for resistors because of its 
fragility. Mica is not a desirable insulation for resistors because 
of its mechanical weakness and rapid deterioration under cer¬ 
tain conditions, such as heat, moisture, etc. 

Another weakness in banks of cast grid resistors and one that 
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gives more trouble than any other is the multitudinous number 
of joints, each grid being afflicted with from two or four joints, 
one on either side of the lugs. 

Wiring 

Too much emphasis cannot be placed on the importance of 
using the best materials and first-class workmanship in instal¬ 
ling the secondary wiring of the controller itself, and from the 
controller to the'master switch, etc., particularly in connection 
with a skip hoist controller. For 250-volt work, wire made for 
1500-volt working pressure should be used. Secondary wiring 
should be extra flexible and no wire smaller than No. 12 should 
be used. Care should be taken not to run wires connected to 
high-resistance relay coils in the same conduit with wires sub¬ 
jected to high induced voltages, which may cause im|)ro|;)er 
action of the relays. 

Maintenance and Depreciation 

All parts that are subject to renewal should be easily accCvS- 
sible for inspection, repairs, and renewals. Spare parts should 
be as few as possible. This can be done by making all magnetic 
switches, all secondary contacts, etc., duplicates of each other. 
The terminals of all main and secondary wiring should l:)e |)lainly 
marked and be arranged so as to simplifyt racing or testing in case 
of trouble. 

A controller that is reliable and easily I'epaired and main¬ 
tained will not be subject to depreciation; its life will be de¬ 
termined by obsolescence brought about by changed conditions. 
Unless there is a change in the design of the blast furnace or 
skip or some condition arises that renders the controller useless, 
it will give the same satisfactory service indefinitely. 

Cost 

In selecting a controller for a blast furnace skip hoist, the 
purchase price should be the last consideration. A controller 
that would hot be dependable seven days in every week should 

not be accepted as a gift, if one more dependable could be ob¬ 
tained. 

High-Speed Coal Hoist 

An outline diagram of a high-speed hoist, the control equip¬ 
ment of which will be considered, is shown in Pig. 4. This 
is a double hoist, each being capable of hoisting 100 tons 
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of coal per hour, with a' grab bucket of 70 cubic feet capacity, 
weighing 620G pounds empty. The average weight of coal per 
lift is tons, making a total average load of about 9000 pounds. 
Each hoist is driven by a 300-h.p.^ continuous rating, com¬ 
pound-wound 500-rev. per min., 230-volt, d-c. motor, which is 
geared to a drum on which is the closing cable. To this drum 
through a solenoid-operated friction clutch is connected the 
shell cable drum. 



The solenoid which operates the friction clutch is controlled 
by a push-button switch in the handle of the operator’s master 
controller. After the bucket is closed and the stress on cables 
is equalized, the friction clutch operates, connecting shell and 
closing cable drums together. While the bucket is being hoisted, 
the sheave carriage is moved by an auxiliary drive up an incline, 
the path of the bucket describing a parabolic curve, the total 
vertical lift being 128 feet. 
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When the bucket reaches the dumping point the friction 
clutch is released, a band brake, operated by foot lever, is 
applied to the shell drum, power is applied to the motor and 
closing cable drum in the reverse direction, and the coal is 
dumped into a chute and the bucket continues lowering and 
moving down the incline at the same time. The hoist motor 
is retarded by dynamic braking, with the shell and closing 
cable drums locked together and the bucket in the open position. 

The actual time required to complete a round trip is 37 sec¬ 
onds. The permissible time per trip based on 100 tons of coal 
hoisted per hour and 1J tons per lift is 45 seconds. The power 
and time required for the complete cycle of operation are shown 
in Fig. 5. 


A simplified wiring diagram 
of the hoist motor and con¬ 
troller is shown in Fig. 6. 
The magnetic switches on this 
controller have a continuous 
rating of 1000 amperes and 
have given very satisfactory 
service for five years. 

The master controller, main 
controller, and motors are lo¬ 
cated as shown in Fig. 4. The 
resistor is located in an en¬ 
closure separate from the 
controller house. 



Fig. 5 —Coal Hoist—One 300-h.p. 
Compound Motor, 220 Volts, 300 
REV. PER MIN., 1050 Amperes 


On this kind of service it is important to keep all electrical 
equiprnent, particularly a magnetic controller, in an enclosure 
where it can be kept clean. Coal dust, being a non-conductor, 
will only be troublesome due to lodging on secondary contacts 
and insulating them, and by getting into moving parts of mag¬ 
netic control apparatus; aside from this, it will do no particular 
damage except that precaution should be taken to prevent coal 
dust from accumulating in enclosures in which there is electrical 
apparatus, particularly in controller rooms, for the reason that 
arcing is liable to cause a conflagration of the dust. 

Experiments that have been made by the U. S. Bureau of 
Mines have proved that less than 0.2 oz.' of coal dust per cubic 
oo o aw will, under favorable conditions, permit propagation 
o ame from particle to particle of dust and cause a conflagra- 
ion a wil produce a pressure in an enclosure, which will 
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dislodge any dust that may be accumulated on the frame work 
of the enclosure, etc., and may cause an explosion with dis¬ 
astrous results. This feature should be kept in mind when 
installing electrical equipment of any kind about a coal hoist¬ 
ing or crushing plant. 

Since an equipment of this kind requires an operator having 
at least the intellectual capacity of a street car motorman, 
elaborate protective features in connection with the control 
system are not needed. To devise a controller for an equip¬ 
ment of this kind that would be proof against a careless or 



Fig. 6—rScHEME of Main Connections for Coal Hoist 

incompetent operator would be impracticable if not impossible. 
The only protection necessary, as has been proved by five years' 
operation, is current-limit acceleration and overload protection. 

As stated, there are two duplicate equipments on a common 
structure operating as one unit, hoisting coal from the same boat. 
To provide against heavy current surges on the transmission 
line and power plant, the hoist controllers were interlocked 
electrically to prevent both hoisting at the same time, but 
allowing one to hoist while the other is lowering. In addition 
to the benefits that were expected, this arrangement has re¬ 
sulted in lower maintenance cost on the hoisting plant, brought 
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about by more even stresses on the structure, and a more even 
pace on the part of the operators, there being less tendency to 
reckless operation, since one operator cannot hurry unless the 
other operator does likewise, and one cannot slow down without 
affecting the other. The result is that capacity is maintained 
while stresses on the hoisting equipment and structure, trans¬ 
mission lines and power plant, are much less severe. This 
arrangement also permits of a more efficient use of the trans¬ 
mission copper. 

Since an equipment of this kind must necessarily have some 
reserve capacity, there is usually sufficient time during the work¬ 
ing turn to do all ordinary repair and maintenance work. We 
therefore attach less importance to continuity of operation for 
service of this kind, and give the matter of repair and mainten¬ 
ance cost, together with the initial cost, more consideration than 
if we were selecting a skip hoist controller. 

The controller and its wiring, for service such as just de¬ 
scribed, should be easily accessible, simple in adjustment, and 
free from delicate refinements, so that the operator can make 
necessary adjustments-and locate and correct all ordinary 
defects and failures in order that delay and expense of having 
to send for other more skilled help may be kept to a minimum. 

The so-called series switch would not be suitable for this 
class of service for the reason that selective speed points are 
desirable both in hoisting and lowering. 

Referring to Fig. 5, it will be noted that to accelerate, about 
1400 amperes are required for a period of about 7.5 seconds, 
and only about 1100 amperes for three seconds are required 
after the accelerating resistance is all cut out until power is 
cut off. The accelerating resistance therefore is in circuit about 
75 per cent of the total time that the motor is hoisting and it 
is in circuit about 20 per cent of .the total time required for a 
complete operating cycle. 

The accelerating resistance for this work should therefore 
have a capacity of 1000 amperes continuously with a temperature 
rise of 100 deg. cent, if it is to give satisfactory service. A re¬ 
sistor so designed would prevent excessive heating in normal 
operation and prevent burn-out in case of accelerating switches 
failing to close and leaving part of the resistance in circuit. 
With this rating, the saving in repairs and maintenance over 
a period of years would pay a handsome return on the additional 
investment necessary over what would be required for a re- 
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sistor that would ordinarily be supplied for starting a SOO-h.p;: 
motor at full load on a 35-second operating cycle. 

It would be conservative to say that no steel plant is free 
from trouble and expense incident to accelerating resistance of 
insufficient current carrying capacity, and that in a great many 
cases the repair and maintenance cost of the resistor alone, 
neglecting the expense and interruption to plant operation in ¬ 
cident to resistor burn-outs, etc., would justify the expense of 
replacing the troublesome resistor. 



Low-Speed Automatic Ash Hoist 

The equipment to be considered here is used for hoisting ashes 
from a gas producer pit and dumping into a car on an elevated 
track, the general arrangement of the hoist being shown in 
Fig. 7. 

The controller was designed to be operated by men who wheel 
ashes from the gas producer, it being only necessary for them 
to push a button and the bucket of ashes is hoisted and dumped 
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and the bucket returned to the loading position without further 
attention. A simplified wiring diagram and sequence of switches 
are given in Fig. 8. 

Without the automatic controller the man who would operate 
the hoist would have to be more skilled and be paid a higher 
wage rate than would a man who was only required to wheel 
ashes. This feature alone would justify the installation of the 
automatic controller. Then the possibility of an incapable 
operator damaging the hoisting apparatus is eliminated. The 
possibility of a properly designed automatic controller failing, and 
causing damage to the hoisting equipment, is very remote, as is 
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Fig. 8-Scheme of Main Connections for Ash Hoist 


record of failures referred to in our descrip- 
S furnace slap hoist automatic controller. 

Quir^r! Pig- 9 that nearly double the time is re¬ 
ason for thisTtbrfi '' The 

fS bucW T ^ tP® time that the 

a banow of I f ^®turns with 

takeTof^tHsSt"' Tfn IT' Advantage is 

this tune and the bucket is allowed to return all tbo wqit- 
down on very low sneed in or,i^r ^ rerurn aU the way 

the annaratus a-nff ^ reduce wear and tear on 

me apparatus and simplify the control. 

abw f®9iiii'®“ents of a controller for this service would be 
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accurately. These features^ together with maintenance and 
initial cost should be given most consideration. Continuity of 
operation, although desirable, is not absolutely essential as is 
the case with a blast furnace skip hoist controller. 

A controller for this service should be enclosed to prevent its 
being tampered with. All repairs and adjustments should be 
made by a competent electrical repairman: 

The accelerating resistance should carry full load current 
continuously with normal temperature rise, to avoid excessive 
heating in case the accelerating switches fail to close and 
allow part of the resistance to remain in circuit. 



Fig. 9— -Ash Hoist—One 25-h.p. Compound-Wound Motor/ 550 

REV. PER MIN., 250 Volts, 101 Amperes 


Conclusion 

For applications similar to a blast furnace skip hoist, where 
failure of auxiliary equipment is liable to cause a dead loss in 
production, the matter of reliability and continuity of opera¬ 
tion is a necessity, in relation to which all other requirements 
are of secondary importance. The initial cost of a controller 
for this service should be a last consideration. 

Where conditions are similar to those of the high-speed coal 
hoist that we have considered, where an ordinary delay does 
not affect plant operation and where the operator, since he must 
be skilled to a certain degree to operate the equipment, could 
also take care of all ordinary repairs and maintenance of the 
electrical equipment, the question of simplicity, repairs and 
maintenance and initial cost should be given most considera¬ 
tion: the matter of continuity of operation, while desirable, is 
not a first consideration. 
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Applications similar to the low-speed ash hoist which has 
been considered, which are to be operated by unskilled labor, 
require that the controller perform its functions positively and 
accurately, and have all protective features necessary to avoid 
damage in all cases to the apparatus which it controls. 

Where the controller is designed for automatic acceleration, 
to provide against accelerating switches failing to close and 
leaving part of resistance in circuit, and on manually-operated 
controllers where the accelerating period represents 10 per cent 
or more of the complete operating cycle, the resistor should have 
carrying capacity equal to that of its motor with a maximum 
temperature rise of 50 deg. cent. 

Protective resistance in series with magnetic switches is a 
possible source of trouble which should, when practicable, be 
avoided. Failure to short-circuit the resistance prevents the 
switch from sealing, thereby damaging the switch contacts. 
Defective resistance, if not replaced immediately, will result in 
the switch coil burning out. 

The absence of any attempt at standardizing high-resistance 
units requires very careful attention to insure always having 
on hand spare units of the proper capacity and resistance value. 

A sirnplified wiring diagram should be furnished with each 
controller. On the same sheet should be given all data neces¬ 
sary for obtaining spare parts; either catalogue reference or 
other means of identification. 


Finallym selecting a controller for a particular application 
all conditions must be considered, such as type of operator 
conditions under which it will be located, operated and main¬ 
tained, the relative importance of the different factors, such as 
mhability, simplicity, cost of repairs and maintenance and 
imtial cost, the order of importance of which will be different 
for different applications. 


analysis of all of these factors will help to determine 
the best controller for the particular application and whether 

It should be non-automatic, semi-automatic, full automatic, 
or manually operated. 

Generally speaking, manuaUy-operated controllers for service 

above 25-h.p. capacity should not be used on hoisting equipment. 
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Discussion on Control of Direct-Current Hoists in 
Iron and Steel Mills ” (Stoltz and Lum), and “ Di¬ 
rect-Current Control for Hoisting Equipment in 
Industrial Plants ” (Snyder), Pittsburgh, Pa., April 
16, 1915. 

H. D. James: The paper by Messrs. Stoltz and Lum brings 
out the importance of continuity of service. 

The theoretical calculations in connection with the arcing of 
electric switches are difficult owing to the many factors that 
enter into the problem, yet it is the most important item that 
has to do with the maintenance of an electric contactor. The 
mechanical construction of a switch is easily analyzed and passed 
upon by a good mechanical engineer. The question, however, of 
the life of contacts, freedom from freezing and wear on arc shields 
and surrounding parts of the switch is still somewhat obscure. 
So many data on this question are of doubtful value because 
some of the factors are not available and others are not accurately 
determined. 

When the arc is ruptured under oil, the arcing contact receives 
a deposit which is largely made up of carbon. In many cases, 
this improves the electric contact between these surfaces. The 
objection to an oil-break switch is the inaccessibility of the parts 
submerged in oil. 

When the arc occurs in the air, an oxide is deposited on the 
surface which is a non-conductor and unless removed, will 
decrease the carrying capacity of the contact. Several methods 
of overcoming the difficulty are in use. The well-known drum 
controller tends to remove this oxide by sliding contact. Most 
switches attempt to transfer the arcing from the current-carrying 
part to the tip. In some cases this tip is made of graphite. The 
most effective way to eliminate trouble of this kind and also to 
assist in rupturing the arc is to use the magnetic blow-out. The 
strength of the magnetic field depends largely upon the amount of 
current passing through the blow-out coil. On high-voltage a-c. 
work some difficulty is experienced in rupturing small currents 
due to the absence of a strong magnetic field. This is partly 
overcome by providing a horn gap, the arc always tending to 
rise and extinguish itself on such a gap. 

When a contactor switch is closed and the contacts first touch, 
they tend to bound apart, causing a small arc. Although this 
arc is not nearly so large as the arc at opening the circuit, it may 
cause much more damage, as the contacts are immediately closed 
after the arc, and if any of the metal of the contact becomes fused, 
the contacts will have a tendency to weld together. This fact 
is often overlooked. 

The tendency to arc at closing is materially reduced by a long, 
rolling action, somewhat in the way two gear teeth mesh. This 
rolling action easily breaks apart any spots which have a tendency 
to weld. Unless this rolling action is theoretically correct, 
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which it never is, there will be a slight sliding action sufficient 
to'keep the contact surfaces in good condition. Where the action 
at closing is largely a sliding one, the rough points on the contact 
surfaces have a tendency to prevent the sliding, and any spots 
that weld together require considerable pull on the magnet to 
separate^them. If the surface becomes quite rough, the sliding 
action will be stopped by the contacts locking together and this 
will prevent the armature of the magnet from entirely closing. 
Ine nrntion of the contacts upon each other transfers the arc 
from the part of the contact which carries the current to the tip 
which can be burned away without injuring the capacity of the 

switch. The action of the contacts should be sufficient to allow 
tor considerable burning. 

magnetic blow-out is very important, 
as the quick rupturing of the arc reduces the burning on the tip. 

the magnetic field is well understood and can be 
a narrow contact is used, a better field 
i; obtained on small current values, which is one of the 
limiting features in rupturing the arc. 

deSl^rn^K^against the arc shields, and all 
of blow-out structures make an attempt to keep this arc 

succ^sfuHrthk^^a designs have been much more 

been^rntfodJfci^^^t^’^ magnet switch has 

ooeratkfn of ’c. lockout switch. The 

aSfled W tT understood and need not be 

(a) The substitntfnn^f^^^^^ advantages of such a switch are: 
m Th^ substitution of a series coil for a shunt coil. 

mlflv TV, of the electrical interlock and current 

useLrielsStchirn^^^^'-^^T®^^?^ tempted the engineer to 

Sin?e the^Soh i, fy which they are not adapted, 

oince tne switch is held closed by a senes coil it followc: fUof 

^uTop^oSTliS^rloufmininlum, the switch 

to clSShe^s^ch 2arn T" value 

to starti^rJ^^^v ^ 1 A sudden drop in the hne voltage due 

the a momentary revirse in 

switch designed to hSTi^at'e switches, and open it, so that a 
always remain closed. In some^^asesThe ^ ■ *1 * T-4 ' 

vibration. ?bteSstralSte'Sttn 3 *»' 

switches are specified. The series switch Ta^^Te^dT^ a 
to our hne of contactors and when annlied in vv, ^ udid addition 
materiaUy decreased the comnbVa+1'n^^ ^ has 

W. C. KenSdy • ifrS +n ®®’^tactor control. 

to refer in particSar to the Malt f^rn^ ^'^^uld like 

as that seems to be onfof the mnfv • ® controllers, 

discussion. ^ important points undei^ 
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The point brought out in Mr. Snyder’s paper, that the blast 
furnace hoist should be so designed that a very accurate stop 
is not essential, is a good one. Some types of furnaces dcvsigned 
several years ago were often of such a construction that, in order 
to obtain the proper slow-down speeds and accurate stopping 
positions, the controller must necessarily be very complicated. 
This point refers in particular to equipments in which the skip 
bucket was suspended in such a manner that, if the slow-down 
speed was made very rapidly, the bucket would start to swing 
and it then became impossible to obtain an accurate stopping 
position. Fortunately in all recent furnace applications, con¬ 
struction has been modified to such an extent that the control 
problems are very much simpler. 

In connection with blast furnace practise, undoubtedly the 
most essential thing is continuity of operation and this means 
safety, not only in the controller but also in the motor equipment. 
It is, therefore, important to have the proper safety features 
incorporated in the automatic controller, such that a positive 
operation of the slow-down and stopping mechanisms is insured. 
Due to the fact that the load conditions vary so widely 
on blast furnace equipments, some means for automatically 
varying the armature shunt resistance, as brought out in Mr. 
Snyder’s paper, is imperative in most cases and this feature 
should be such that the resistance would vary according to the 
load on the skip. 

Messrs. Stoltz and Lum state: “ This shunt resistance causes 
a definite current to flow through the starting resistance and 
the series field of the motor,” I presume that, in that type of 
slow-down, the current drawn from the line during the slow- 
, down period is practically independent of the load. In order 
to get an accurate stop, therefore, under all conditions, I believe 
the slow-down current would have to be excessive, as it prac¬ 
tically amounts to impressing a low voltage on the motor arm¬ 
ature terminals and obtaining a low speed, which is practically 
constant regardless of the load on the motor. This means a 
large current consumption, but, on the other hand, by providing 
an automatic means for varying this resistance, it is possible 
to reduce the current consumption during the slow-down period 
and moreover obtain more accurate slow-down and stopping 
conditions. 

There is another point which is very desirable for skip hoist 
control: that is, some absolute means of shutting off power 
in case the slow-down switches fail to operate at the right 
period. For example, with a skip running approximately 400 
ft. per min., depending upon the conditions, in order to make 
an accurate stop possible, the speed must be reduced to approxi¬ 
mately 10 or 25 per cent of its normal value. With such a 
large speed reduction, it is easily seen that it is absolutely 
essential that the slow-down feature be certain to work, or 
else power should be immediately shut^ off from the motor be* 
fore the skip approached its final limit. 
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There are two different ways of accomplishing this. One of 
the best ^ the installation of an over-speed governor or similar 
device. This governor is preferably of the centrifugal type and 
should be so designed that it will be capable of standing' a 

normally high speed at hoisting and should be sensitive at the 
lower slow-down speeds. 

Another limiting device tha.t has been insts,lled for sl riniTiber 
of years is known as the contingent limit. This feature is usually 
designed to operate so that, if any of the functions fail to take 

slow-down period, all power is im¬ 
mediately shut off from the hoist and brakes applied. 

In regard to the question of temperature rise of resistance 

P^P®.^’ ■this brings up not only the 
resistance material itself, but also the method 

installl??^ IS absolutely essential that all resistance be 

S * a free circulation of air is obtained. In 
many cases the writer has seen resistance break down com- 

^“Pi® capacity and would have been en- 

TheifSe^hf^nJ proper ventilation been obtained, 

the ®P®“hcations for resistance should not only cover 

attention toTtsTrop^ iSatS 

castir?; Snyder in his paper stated that 

breakage We f'u®’ liability to 

I wonder w^+he P’^°Sably find objections to almost anything. 

■her t®7®^ything considered, is not the 

factory for insulin ^ ^^s not satis- 

lactory tor insihation purposes, because of its liability to fail 

r.hfpVp°er"ta Sri? “IS “”8“' I V. a°uS 

S^’^^JlTsSr as to something beuer 

better than line drive ar,a niore wire, but we believe it is 

tion is not better than somethinrelre Thfn'l thf m’ 

state what would be a better suLtanee^^ w ^ should 

of the grids mentioned the miih\ u .4 ' also in speaking 

ing it was from 1 millivolt to 6 rnmhrelts’irteTts^^ ?,°^h^h 
made and called that a 600 per cent v^ aHnn'^r^+i?® 
should be taken as the percentre of ?L • i \ 

and not in percentage of the joint Fo^ exar?le''rf 

that he considers carries 634 amperes fullv Inadlri 

from 0.01 of an ohm to 0 OR^of^a 
With 634 amperes the 6-millivolt drop in the ioinf i^ oip^ 

0.1 of one per cent to 0 m n-F ^ j is only from. 

the grid. The Sistanc? in eaBt resistance in 
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and tear on the equipment. I am wondering why it would 
not be advisable to slow down the hoisting and speed up the 
return a little, to make them about even. That would permit 
the use of a smaller motor and also reduce the wear and tear 
on the hoist. Instead of having a hoist which is as rapid as the 
design, why not even use a smaller equipment, which would 
reduce the load slightly on the power house? 

^ J. H, Albrecht: I was.very much interested in Mr. Snyder’s 
discussion of the means he employed for operating the variable 
slow-down on the light and heavy loads. He said he had a 
maximum over-travel allowable of 28 inches. It has been my 
misfortune to encounter the older types of furnace where the 
operating men told me that an over-travel of 8 in. would be 
apt to cause the bucket to go into the bumpers and tear the 
bicycle wheels from the furnace top. 28 in. is a very good 
margin but when you get down to a clearance of 6 to 8 inches 
the stop must be very accurate. We have tried and abandoned 
the scheme of the accelerator-generator attached to the motor 
shaft. That is a very delicate arrangement. Under this plan 
the^ set-up switch must work on a small voltage variation, es¬ 
pecially in the newer types of motors where the speed regulation 
is very good. In such cases the set-up relay must work on 
a voltage variation of 10 per cent. Any one familiar with relay 
design will realize that it is extremely difficult to make a 
relay work accurately and reliably on a variation of 10 per cent 
in voltage. 

There is another scheme that we tried which is simple in 
theory but does not work out in practise. We tried using a 
lock-out switch for varying the slow-down resistance, the coil 
of this switch being in series with the main line. The idea was 
that on light load the switch would come in, short-circuit some 
of the slow-down resistance and give the severe slow-down which 
is necessary to stop the fast-traveling light bucket. On heavy 
load, the line current would be high and the switch would 
remain out and thus give a more gradual slow-down. This 
scheme is all right in theory, but Mr. Snyder’s ammeter curve 
shows a very marked kick and line current following the appli¬ 
cation of the slow-down switch. It has been our experience 
that the kick is much more pronounced than is shown on Mr. 
Snyder’s ammeter record, and that the current will kick prac¬ 
tically to zero, depending of course on the speed of the motor. 
On the light load where it is most essential that the switch 
should operate the kick is most pronounced, due to the high 
armature speed. It is very evident that this fact will knock 
the operation of the lock-out switch or any similar device de¬ 
pending on armature current. It might possibly be made to 
operate by a very delicate adjustment but would not be accur¬ 
ate or reliable. 

After trying these schemes we went back to basic principles 
and succeeded in getting an accurate stop under all load con- 
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ditions by a simple adjustment of the slow-down switches. 
We applied the first slow-down switch a little further out of 

j ■ ^^'i/l^owed a sufficient interval between that point 

and the point of application of the second slow-down to allow 

w! ^ constant speed under all load conditions. 

second slow-down at a point about 15 inches 

from toe end of travel or after the skip-bucket had started 

over the knuckle.” The second slow-down was very severe 

being practically a short circuit on the armature. With this 

setting we were able to get a stop which did not vary more 

tnan one inch from a light bucket to a bucket carrying 9000 lb. 
01 ore. 


As to Mr. Kennedy’s question concerning the height of the 

slow-down period, we limited the line current 
on toe slow-down to 650 amperes which is slightly over 150 per 
^nt full load on the motor. There is another point which Mr. 
Kennedy brought up, and that is the question of “ protection in 

wiff of voltagy. In the case of a balanced hoist 

where the down-bucket is going up with a coke load and the 
up-bucket IS coming down after having discharged an ore load 
you may often encounter the condition where possibly half of 
the ore load has frozen or stuck in the descending bucket. If 
•nr^u^o ^ breaker should blow, the heavy descending bucket 
the motor to reach the dangerous speed, and the magnet 
switches on the control boa,rd wiU hold in on counter e.m.f. of 
tne motor. _ To guard against such condition the only satis¬ 
factory device we have at present is a mechanical over-speed 
_ evice attached to either the motor or drum shaft. This device 

motor must reach a considerable 
speed before it will operate, and if the breaker should blow when 
the cars are about 15 ft. from a limit of travel it would not operate 
in time to prevent a smash-up. 

Paul Caldwell: At yesterday’s session there were some general 
remarks on features which enter into crane hoist operation and 
^ f ? ?PFNothing was said of the bridge motion, 

^ presents some problems which are peculiar to 
itselt and different from either the trolley or hoist motion. 

When the new senes type contactor was put on the market 
there was a strong tendency to apply it to the operation of the 

running speed point in 
either torecuon This was the case, not only with small in- 

dustnal cranes but with larger gantries and with ore bridges. 
Alter some experience with this form of control, several problems 

elSnTto it'intoSw application and in some cases 

_ First, the question of speed of the bridge is a factor of prime 
importance. In my opinion, a series contactor type controller 
with one running speed point will satisfactorily operate a bridge 
provided the ultimate speed does not exceed 50 or 75 ft. per min. 
Where the bridge is geared to run as high as 200 ft. per min., the 
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rate^of acceleration with only one speed point is apt to be too 
great and cause the wheels to slip, especially if the track is wet 
and oily. For speeds up to 200 ft. per min. a two-speed point 
controller would be advisable as it would permit the wheels to 
grip the track before being finally accelerated to full speed. 

ror speeds above 200 ft. per min. it would be advisable to use 
rom three to six selective speed points, the number depending 
on external conditions as well as ultimate running speed. 

Second,^ there is another important factor which requires 
consideration both for indoor and outdoor cranes, and that is 
the question of dragging loads. It frequently happens that 
cranes will be utilized for pulling or dragging heavy loads or 

carsjrom place to place, and this work usually falls on the bridge 
motion. 

A common example of this on outdoor cranes is the spotting 
of railroad cars for the purpose of loading or unloading pigs or 
billets, and it is not unusual to see a crane drag five or six loaded 
cars in this manner. 

This same ^condition arises indoors in connection with open- 
hearth charging machines, where the bridge motion is always 
used to spot the cars in front of the charging doors. 

It is unreasonable to expect a controller designed with one- 
speed point control to handle satisfactorily the operation of the 
bridge motion of such cranes where the imposed load will vary 
over so wide a range. 

Third, the question of^ swinging loads on cranes is another 
point which should receive consideration, particularly where 
the loads are heavy and the lift a high one. It is difficult, if 
not impossible, for an operator to handle successfully a hot metal 
crane, for example, with a single speed point control. A con¬ 
troller with several speed points is much preferred. 

In connection with outdoor cranes, there are three elements 
which enter into bridge operation that make series contactor 
type control undesirable. First, the condition of the rails; 
in rainy weather they become slippery and the tractive effort 
is of course not as great as in good weather, when the rails are 
dry. An adjustment of the contactors which would be satis¬ 
factory for good fast operation, under latter conditions, would 
cause slippage of the wheels under the former. This can only 
be overcome by employing two or more speed points which will 
permit of a slower acceleration when required without a constant 
change in the adjustment of the control panel. 

Second, windage is a factor which seriously affects the opera¬ 
tion of outdoor cranes, particularly if the crane is of the gantry 
type, as on ore bridges. A strong wind blowing directly against 
the crane will cause the series contactors to lock out and as a 
result the motor would never accelerate but run at a very low speed 
on resistance. When attempting to move in the reverse direc¬ 
tion, with the wind, the motor would accelerate so fast that the 
wheels would either slip on the ti;ack or the resultant overload 
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due to such fast acceleration would blow the breaker. These 
difficulties can be overcome by using a controller with two or 
more points of speed control, and making the adjustments to 
meet the worst condition. 


Third, another point which infrequently occurs is a slight 
grade in the track or run-way. A crane run-way put on a soft 
ground level is apt to settle a little at one end, which would pro¬ 
duce the same effect as windage and cause the crane to accelerate 
slowly in one direction and fast in the other. This can be over¬ 
come also by use of additional speed points. 

In fact, most, if not all, of the difficulties in bridge operation 
can be overcome by using controllers having not less than two 
speed control points. The additional number of such si:)eed 


points would, of course, depend upon the existing conditions to 
be met and each case would require individual consideration. 

R. A. Black: We have no hoists, except those we use on our 
cranes, and the question Mr. Caldwell has brought out about 
the bridge niotion of cranes is one that requires, I think, a great 
deal of consideration. ^ That is the type of crane which some- 
hmes ^ves us trouble in starting with a one-point acceleration. 
The bridge is so long that if there is a little dampness or grease 
or anything of a slippery nature on the rails, the crane will tend 
to start one end ahead of the other and cause considerable trouble, 
sometimes even to the breaking of gears. I think two or more 
points of acceleration is a very good thing, and should be applied 
to cranes, especially for outdoor service. 

The question of the series switch acceleration on hoists is a 

given us some trouble, especially in the building 
01 the hoisp not so much after the plant is in operation. For 
instance, the operating department of a plant havS installed a 

- on crane for a certain class of work out of doorvS, where it is 
lift shafts. We have one case where we lifted an 
80-ton shaft with a 40-ton crane, which, of course, is 100 per cent 
overload. The automatic control in that case gave us some 
^ necessary for us to send a man up to short- 
11 <- 0,1 ij If fh® plant in which the cranes are to be 

d? thT^’tV enough for the work they have to 

not^wal«tln°+^''f perfectly satisfactory; but they do 

izatintn aWif fl^at something in the way of standard- 

contrd line would probably help out considerably on 

be of f ^different speed points would 

and cut nut mnro or third notch 

started resistance in order to get your heavy loads 

The question of resistance that Mr. Snyder brought out i <5 

principal the 

Ss whefeXvb Pnt resistances in 

places wnere they are very much exposed A p-ooH tiAol rif 

dirt ac^inulates on them and consequently we get into^ f lot 

Oftronbleftomheatin, and t> burling „7«£ ?he 
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other parts. The type of grid is ver^^ important; also that we 
get^ a grid which can easily be replaced. For that reason, I 
believe that the semi-enclosed eye is better than the eye wholly 

enclosed, because it is so much easier to remove the grid and 
replace it. 

Mr. Snyder brought up the question of the acceptability of 
mica. As a means of insulating I do not know anything better 
that we could use. No doubt we have a good deal of trouble 
in replacing our grids from the fact that the mica insulation tears 
and gives trouble in other ways. I have tried asbestos and other 
forms of insulation, but have not been able to find anything 
better than mica. A little care in locating as well as properly 
arranging your points of distance so that they will not heat 
will be a considerable help. The conditions of hoisting vary 
so much that it is really hard to make any general rule. Theo¬ 
retically you can work out the proposition very nicely, but when 
the man in the mill says he must get a certain operation, regard¬ 
less of conditions or effect on the electrical apparatus, you as the 
electrical man must sit up and take notice. The electrical man 
under those conditions must get the work out regardless of the 
wear and tear on the apparatus. 

J* W. Welsh: I would like to make the suggestion that per¬ 
haps the great multiplicity of automatic and protective devices 
which the more modern systems of control involve needs to be 
supplemented by something more simple. For example, we 
have recently installed an automatic electric control on the 
Castle Shannon incline of the Pittsburgh Railways Company, 
on the south side. Work of this character requires a very close 
stop, perhaps within an inch. This control is very elaborate in 
its protective devices. It is, in the first place, of course, of the 
remote type. There is an auxiliary generator supplying the 
voltage dependent upon the speed of operation, and the difference 
between the voltage of this generator which is separately excited 
from the main line and the line voltage is used to operate the 
relays which actuate the accelerating switches and retarding 
switches. In addition to this,*there are, of course, the relays 
themselves as an additional link in the chain. There are on the 
main drum of the incline stop-motion switches operating through 
a screw, which at the end of the travel will start the retarding 
process. There is an over-speed device in connection with the 
main drum of the incline, and in these various ways the incline 
would be brought to rest by automatic and safety devices. 
There is also a dead man’s ” handle on the main controller, 
so that in case it is released the retarding process will be brought 
into play. 

The point I want to bring out is that all of these safety, pro¬ 
tective and automatic devices which have a very useful function, 
offer just that many additional links in the chain and that many 
additional opportunities for failure. Before this system was 
introduced, everything was manual, and, of course, everything 
depended on the operator. 
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In this case the continuity of service is absolutely a primary 
requisite, and I would like to make the suggestion, that perhaps 
there should be some simple throw-over device whereby all of 
these autornatic devices by one throw of a switch could be cut 
out, and a simple manual resistance type of control substituted. 
Any system of remote control also has to bear the additional 
expense of inaintenance, that is, the maintenance of these ad¬ 
ditional devices. ^ It seems to me there is a balance between the 
cost of this additional maintenance and the cost of repairs of the 
straight manual device, where you do not have the advantage 
of the automatic features. 


John D. Wright: • Regarding the allowable temperature rise 
on grids, of which Mr. Snyder spoke, I think he is rather too 
conservative in limiting it to 100 deg. cent. Since 600 deg. 

3-bout dull red heat I believe 200 deg. rise would not be at 
all objectionable. 

_ I would like to learn if Mr. Snyder has any substitute for cast 
iron for -gnds. 

Mr. Snyder states that Protective resistance in series with 
magnetic switches is a possible source of trouble, which should, 

practicable, be avoided ", I think almost everyone agrees 
with him in that respect. 

absence of any attempt at standardizing 
iugh-resistance units requires very careful attention to insure 
aving on band spare units of the proper capacity and 
resistance value . I believe there are in the market resistance 

an ohm to 10,000 ohms that are standardized. 

^as not brought up in connection with 
automatic hoist control is that of limit switches. I would be 

switch Mr. Snyder used on » 
a geared or direct-connected 

skip ? ^ brum, or a track type operated by movement of the 

experience that the continuous 
exterSweSi'®^^®’' coipplicate your mechanism bv any 

SteSttSt du^^^^ operating coils for 

OTdS^o ?et thft ^ coif in 

where T compared with the operations 

justified M ^ ^^“bard coil, I do not believe we are 

various resisS^ S control equipment by adding these 
various resistance coils in senes with the operating coil Tn 

?e?wren T ?v where, we ?an, and get along 

posfibTe to do u® automatic control should be as fimple af 

Sona SJh l^ave been able to get 

aion^^ witii our standard continuous-duty coil ^ 

tha°cSd ey° '1“ “ ”1,?“ “‘T *•““ 

resistance arid ™ -11 f ? ^ can build a 

now SchTave^eJ?tiT “ service 

OW wnicn nave been m service four or five years. The drop 
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across the joint is just as small as the day they were put in, 
and we have had no occasion to change any section of the grid. 
A very rnuch larger area of contact between the sections of 
the grid is obtained by having the solid eye rather than the 
U type eye. In some of the earlier resistances there were faihires 
in between the sections of grids, and on some of these grids we 
found as high as 40 per cent of the total ohmic drop through 
the grid was in the joint. By cutting out the failures and 
making the eye solid, and putting them eye to eye, and of 
large area of contact, we cut down that joint resistance and 
cut out all trouble. The resistance is where it ought to be, 
that is, in the material of the grid rather than in the connection. 

Paul Caldwell: I was interested in Mr. Welsh’s remarks 
regarding the electrification of the Castle Shannon incline, in 
the city of Pittsburgh. Mr. Welsh mentions the complexity 
of the control required and its excessive up-keep, and makes 
some claim for manual control as being more practical for the 
work. 

I know of one incline installed in the city of Johnstown, Pa., 
which is operated by an a-c. motor from a power source of 
2200 volts three-phase, 25 cycles. The control for this motor is 
very simple, consisting of two oil-immersed primary reversing 
contactors, sufficient accelerating contactors and two current 
limit accelerating relays. The equipment has been in opera¬ 
tion for a period of two and one-half years and never had a 
single failure. The cost of up-keep on the controller, outside 
of oil used for the primary switches, would probably not ex¬ 
ceed $5 a year. 

This equipment was made to successfully accelerate • the in¬ 
cline under the widest variations of load, without requiring 
any changes in the adjustments of the controller after its first 
installation. 

I cannot agree with Mr. Welsh that the installation of mag¬ 
netic control is more expensive than manual from the stand¬ 
point of maintenance, or that it is more intricate to operate. 
In many cases it is more expensive to install but this item is 
nearly always offset by the resultant saving in up-keep. 

C. S. Dauler: I agree with Mr. Caldwell on bridge control 
for some types of bridges. If the one- or two-point series switch 
controller is not satisfactory for bridge travel, on account of 
switches locking out and preventing operation or acceleration 
when the bridge is called upon to handle loads that are unfair 
and in excess of the work for which the bridge was designed, 
why will a selective speed controller with series relays and shunt 
switches be any improvement? The series relay will, of course, 
lock out and prevent closure of accelerators and fail to cut out 
the accelerating resistance the same as the series switch, ^ if 
the series relays are set at the same closing value as the series 
switches in order to give the motor the same protection. 

J. A. Albrecht: I agree with the last speaker in regard to 
the objection to the series switch on the point of starting 
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heavy loads when it is adjusted for light loads. This objection 
is inherent in any system of current limit control. If the series 
switch will not accelerate, the relay acting on the shunt switch 
will not. If load conditions vary widely, we must come to a 
time limit device. There is no other way. You cannot make 
a current-limiting device work. I have met this condition often 
in mine work. With wide fluctuations in voltage and load, 
you cannot do any better than to put a dash-pot time- 
limiting device of some sort on the apparatus, as the current 
limit will not work under those conditions. 


C. S. Dauler: I would also add that I believe it was Mr. 
Black who brought up the point that the crane is often called 
upon to handle loads on the hoist greatly in excess of what 
the crane was designed for. I have a case in mind where a 
75-ton crane, magnetic switch, dynamic brake controller was 
tried out. The first load hooked on the crane was the bed 
plate of a mill engine, weighing 122 tons. The crane was 75- 
ton capacity, 75-h.p. motor on the hoist, and the relays on 
this controller were set for handling a 75-ton load. This 122- 
ton test load was^ handled and juggled around and raised and 
lowered rapidly without any adjustment whatever of the relays. 

Paul Caldwell: I do not think that the point I was trying 

correctly caught by either of you gentlemen. 
What I was trying to say was this—That where we have a con¬ 
dition of wet track, as in outdoor crane operation, the con¬ 
troller with only one speed point will accelerate so fast as to cause 
the crane wheels to slip, assuming of course that the contactor 
adjustments are not changed from normal operation. By in¬ 
troducing a second or low-speed point in the controller, it can 

adjusted to meet the varying conditions, pro- 
is within the liniits previously mentioned, 
r low-speed point is primarily introduced to 

limit the energy input to a value sufficient to break static fric- 
lon an put the crane in motion, after which the current limit 
acceleration will bring it up to full running speed. Under such 
condition current limit acceleration is just as satisfactory as 
tirne limit, or any. other automatic method. 

gentlemen that the current limit effect is 
satisfactory with senes contactors as with shunt 

th2 nip wfu 1 relays, and if the load is of such value 

tnat one will lock out, so will the other 

apinst time limit acceleration, a 

controls the acceleration of the motor, 

ooLation^ w^i-i?! armature current, which is a factor in its 

ment a “"a ^™ting device is governed by an ele- 

^ independent of the motor. 

With the use of current limit acceleration, the relavs or 

acceleratinTreaS 

ofihe ?nhV T ^otcause sparking or excessive heat- 
g the coils. The time rate of acceleration with such con- 
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troller would be automatically governed by the load current 
and would increase with light loads and decrease with heavy 
loads. This is exactly what is desired to secure the most 
efficient acceleration with maximum protection to the motor. 

Should a load be imposed on the motor which could not 
be accelerated with the relays set at maximum safe value, any 
other means which might be employed to force acceleration 
would result in serious overloading of the motor and inevitable 
commutation trouble. . This is just what would occur with the 
application of time limit acceleration which simply acts as a 
means of forcing acceleration regardless of the load imposed on 
the motor. 

The second point on the controller, as I mentioned before, 
is added merely to insure the motor starting without slipping 
the wheels of the crane, after which the current limit feature 
will successfully bring the motor to its full running speed. 

Francis J. Burd: I have noticed that not much has been 
said on the question of the limiting switches. It seems to me 
this is an important part of the equipment. I believe a limit¬ 
ing switch should be positively connected mechanically to the 
winding drum and the contact ought to be made double-pole, 
and also should be of the air-break type. I speak of the air- 
break type on account of its being free from the possibility of 
surface contact being formed, as might occur on the sliding 
contact type, through particles of metal being worn off the con¬ 
tact by abrasion. These metal particles would in time tend to 
prolong the opening of the circuit, which would result in the 
bucket being carried beyond the stopping point. An additional 
safety limit could be easily provided by the use of over-travel- 
switches so connected that if they were opened by the equip¬ 
ment moving beyond the safe point, all power would be cut off, 
putting the hoist out of commission until a competent person 
could be called to find the cause of the over-travel. This over- 
travel switch would also act as a check on the brake, as it would 
tend to call attention to sliding from this source. 

Another question is that of the master controller. Mr. 
Coey spoke yesterday of having a substantial master controller. 
I agree with Mr. Coey’s remarks on this, as I believe a good 
husky master switch should be used. There is one other point, 
the question of brakes. I believe the brake on the hoisting 
equipment should receive very careful attention and should 
be made large and husky, and of ample heat radiating 
capacity. 

J. S. O’Donovan: There has been a great deal said here 
from the standpoint of the manufacturer of the apparatus. 
A number of operating men have spoken. I think that the 
operating men today are very fortunate. In 1898, Mr. A. E. 
Maccoun, an electrical engineer, started out to ^build a blast 
furnace skip hoist. Mr. E. E. Slick was chief draftsman 
and Mr. Thomas Morrison was the general superintendent. 
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Mr. Maccotin had much trouble in convincing the manage¬ 
ment that the electric motor would work on a skip hoist. It 
took him some time. Finally Mr. Morrison gave his consent 
to try the experiment. We tried it on the B furnace. I had 
the pleasure of building the apparatus to operate this hoist 
from the ideas as given to me by word of mouth. We built a 
semi-automatic control, with which Mr. Albrecht, I believe, 
is familiar—they were working ten years ago. 

J. H. Albrecht: They are still working some of them. 

J. S. O’Donovan: We had a limit of about eight inches. 

If we exceeded that limit we broke the I-beams at the top of 

the hoist. We had the experience of breaking quite a number 

of these beams, from broken shunt fields and different other 

causes such as the breaking of the brake band. We did not 

seem able to overcome any of these things at the time. There 

were no contactors built, there was no manufacturer who built 

contactors. W'e made our own contactors. They are not big, 

and I think it would be worth the while of every engineer who 

is building that sort of apparatus today to get an opportunity 

to see some of the old hoists, to see what we had to contend 
with. 


Much has been said about time limits on the blast furnace 
noist control, and some of the speakers seem to confuse the 
tirne limit features with the blast furnace control and crane 
hoist operation. The time limit feature is absolutely esseS 
on blast furnace hoists and is the one thing which will be re- 
tained Nothing is gained by eliminating it. A definite time 
of hoisting is sufficient to burden the furnace and have plenty 

melting. As to the crane time limit feature, 
consider anything of that kind. 

Tn has been said regarding the overloading of cranes. 

In the plant where I have charge we have twenty-eight travel- 

oAW '^9 fot allow any man to exceed the capacity 

regarding the size he refuses to lift. 

andif hfoastpe^'n department is called upon, 

and It he passes on it we make the lift. The electrical deoart- 

ment in our jdant has absolute control over all electrical ao- 

paratu^s and the men who operate it. The man on the floor 

quSon— h'Iw'IsT “5 “eetinfs, asked me the 

the use of cranes? TT”'; 

that question in full, but I wfli s^y tSsith™ o„e” elLT 

motoS^?^ “1“ equivalent capacity to street cS 

crane. It is liable to pull a caUVt £i°m. ”^eSol2.^ 
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do not allow it. The craneman has strict orders not to move 
a crane if a side movement is intended or any pulling sideways 
IS to be done. It is a dangerous thing. If the cable gets off 
tne side of the drum in any way, you cannot guard it to stop 
It. Ihe cable will be cut and it is not noticed. Later on in 
making a lift the cable breaks. Some people say—Perhaps 
you do not work your cranes hard. There are two cranes in 

which we wear notches in the bottom of 
both hooks, and we renew them every eight months. That is 
some work on a crane. We travel our loads over the heads 
ot the men, continually, carrying pipe; and the men never dodge 
never think of getting out of the way, and we have never dropped 
a load. In the last nine years in the operation of the butt weld- 
mg department -it is a threading department, where a great 
deal of material is handled by cranes—we have never broken 
a cable on a crane. We inspect these cranes twice a week, 
and we replace the cables every six weeks, whether they re¬ 
quire replacing or not. That is our regular custom. In that 

way we get as near perfect safety as it is possible to secure in 
the operation of cranes. 

Paul M. Lincoln : There is one point which has been touched 
on a number of times, and that is the temperature limit which 
Mr. Snyder puts on his grids, etc. I believe these are too low; 
they acts of the matter are they are lower than the temperature 
limits which the new Standardization Rules of the American 
institute of Electrical Engineers put on the copper insulation 
ot electrical machines. 


^ Some recent tests have been made which show that the mica 
in the generators which were installed at Niagara Falls twenty 
years ago and have never since been rewound, have been sub¬ 
jected to a temperature, at their full load condition, of some¬ 
thing over 200 deg. cent. They have been running at that 
temperature for about twenty per cent of the time for the last 
twenty years. If the insulation of generators can stand tem¬ 
peratures of that kind, I do not see any reason for limiting the 
temperatures which'we can allow upon grids, rheostats and 
apparatus of that kind. 

r The resistors used on the old hoists consisted 

OT sheets of f by 5/32-inch steel hoop suspended from supports, 
i. his crude resistance is still in operation after about seventeen 
years of service, and has outlasted many equipments of our 
modern grids, although at the present time JVlr. Fiiedlaender 

has no complaint to make on the modern grid resistance in use 
in his plant. 

M. A. Whiting: I think if Mr. Snyder wishes to limit the 
temperatures on iron grids to anything like as low values as he 
gives, perhaps what he has in mind is not so much limiting the 
temperatures to 50 deg. rise, as it is limiting temperatures to 
something like^ 100 to 200 deg. rise under several times nor¬ 
mal load conditions. It would seem that the result might 
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be attained with less tendency toward the development of trouble 
if inquiries called for resistances, subject to normal practise in 
temperature rise, and specified those resistances for different 
current capacities representing the extreme probable operating 
conditions. The manufacturers are always glad to sell as many 
tons of iron grid resistance as they are called upon to supply. 
The manufacturer in a given case will include in his proposition, 
if he has no information to the contrary, we will say, five hundred 
pounds or so of iron grids, where he might possibly have found 
an excuse for running in and trying to get away with two thous¬ 
and pounds of grids. There are two reasons from the man¬ 
ufacturer’s standpoint. One is that if in his opinion 500 lb. of 
resistance is satisfactory, he owes it to his customer not to try 
to run in a lot of unnecessary material at an increased price. 
The other is that if he does try to put something over and recom¬ 
mends unreasonably heavy and expensive equipment, the 
manufacturer who is in with a proposition which seems to be 
trimmed down nearer to what is required, will probably obtain 
the business. Therefore, in all such cases where extreme 
resistance capacity must be provided, I think it is well for the 
purchasing comp any ^ to specify in detail in the inquiries what 
they wish to have in the way of resistance capacity in ex¬ 
cess of what is commonly accepted as average practise. In 
that case the various manufacturers will understand the require¬ 
ments of the purchaser and their propositions will be comparable. 
Ordmanly, if an inquiry calls for four or five times the amount 
of resistance material that would be used normally for the work, 
if the manufacturers representative does not see the reason for 
it, he will admit that the customer may have a good reason for 
specifying it, ^ He will make a proposition on that basis, but will 
al^ put in his proposition an alternative corresponding bo the 
ordinary practise, and will expect that both propositions be 
given consideration on their merits. 

I l^ink there is room for a closer understanding on the part of 

purchasers as to what they are calling for when they put out their 

specifications on rheostats for use with the various classes of 
control. 

G, E. Stoltz: I think the discussion on the part of the various 

a rather unanimous opinion that a series lockout 
applicable to bridge type control, that is, on 
the average crane. In applying control to the bridge of a crane, 

these^oaif apparatus, we consider the average conditions and 

to me ft i^* f overload the crane, it seems 

® rnatter of bad management or poor organization 
which we shorn not take into consideration in designTn^ the 
control nor should the control be blamed for any acSdente 

^ control will not allow the 

start up under those conditions. 

With regard to the comparative simplicity of manual against 
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different types of magnetic control, the control for an inclined 
plane, of course, naturally is in a different field from that of 
steel mill control. The former is a proposition that must have 
constant attention and requires a skilled operator. Other con¬ 
siderations will take place than merely the satisfactory operation 
of the apparatus. In mill apparatus, on the other hand, there 
are panels and motors which get very little attention—^grobably 
■the only time the inspector sees them is when something happens. 
Of course, that state of affairs could not be allowed on an in¬ 
clined plane. The upkeep and repairs of a complicated control, 
as on an inclined plane, may be very small, but it seems to me we 
laave got'to balance the attendance that is given that apparatus 
against probably the repairs on a more simplified mill control. 
In the end you will come out about even. 

W. T. Snyder: In regard to Mr. Kennedy’s remarks in refer¬ 
ence to stopping the skip hoist in case of failure of the slow-down 
resistance, we have an arrangement on our skip hoist which 
accomplishes that end, by means of a relay in circuit with the 
armature shunt resistance. In case the circuit is not made the 
relay operates and cuts off the line current, and allows the ap¬ 
plication of a series solenoid-operated band brake. It was men- 
■tioned that the method of assembling the grids was important. 
If we can keep down the temperature rise by some new method 
of assembling the grids, all right. 

Mr. Martindale asks us to suggest a material better than iron 
for resistance grids. It was my purpose to tell the manufacturers 
of some of the troubles that operating men were having. I said 
“that cast iron is not a desirable material, and I also said that it is 
probably the best we have today, but I do not believe we should 
be satisfied with it, because it is not good enough. But we do 
not have any positive recommendations other than that there 
should be some material that would be better than cast iron, 
especially for the smaller sections, so that they could not be so 
easily broken. I think the same statement applies to mica, 
which is as good as anything we have, but is not satisfactory. I 
do not believe we should put up with it, but I am not in a position 
"to tell the manufacturers what material should be used. 

In regard to President Lincoln’s remarks about mica, it has 
occurred to me that the mica of twenty years ago was not the 
mica of today. 

Mr. Martindale referred to the millivolt drop which I gave, 
and compared it to the current-carrying capacity of the resist¬ 
ance. The resistance which I refer to is not a resistance used on 
■the machine which was considered in my paper, it was just a 
^bank of resistance which happened to be lying around and we 
bad it measured up. It was a small bank of resistance de¬ 
signed for a 35-h.p. motor, somewhere around 125 amperes. 

Mr. Martindale also made reference to the resistance of the 
different grids varying as much as 10 per cent. I also made 
some investigations along that line and picked up a few old 
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grids that happened to be taken out of a resistance bank which 
had been in service four or five years, and measured the re¬ 
sistance of each grid. The grids had identical marks on them 
and were supposed to be identical grids, in current capacity 
and resistance value. They were supposed to have a resist¬ 
ance of 0.036 ohm, and we found they actually had a resist¬ 
ance of 0.054 to 0.079 ohm, which was considerably more than 
ten per cent. Mr. Martindale may have referred to new re¬ 
sistance, and my remarks referred to resistance which had been 
in use for several years. 

One of the speakers also brought up a point about slow re¬ 
turn on the ash hoist which is described in my paper. I was 
on the point of explaining that when going through my paper. 
This hoist was an old crane trolley for which we had no use 
and we put the apparatus to work lifting ashes from the gas 
producer, leaving the speeds as they were. I do not know that 
it would be of any advantage to cut down the speed of the hoist¬ 
ing operation in order to get more speed lowering. I think it 
is easier to control the thing going up than it is to control it 
going down. 

Mr. Albrecht referred to the small kick shown on our am¬ 
meter curve in connection with the skip hoist slow-down. The 
peak shown at the first slow-down point was the accelerating 
switches opening and inserting the starting resistance in series 
with the armature. 

In regard to Mr. Albrecht’s point as to what would happen 
in case the line voltage goes off, anywhere along the length 
of travel, this would result in the solenoid-operated band 
brake applying and the skip would come to rest and it would 
automatically accelerate when voltage comes back. 

In cold weather, if the ore was not dumped out of the car, 
and one car was coming down half full and the other going up 
fully loaded, the buffer would take the blow of the car coming 
down, so it would not add to the blow of the up car when it 
hit the top. 

M?:* Wright referred to. the matter of standardizing high-re¬ 
sistance units. I have here a list of' resistance units giving 
their ohmic resistance and current capacity. Here is one unit 
having a resistance of 550 ohms and 0.37 ampere capacity; 
another 33 ohms, 0.5 ampere capacity; another 2.6 ohms and 
5.4 amperes capacity. It is very probable that these units can 
only be duplicated as a standard commodity by the manu¬ 
facturer who supplied them. It would be very desirable if 
the manufacturers would adopt standard values for these units 
as far as is practicable. We very often find that there are units 
of different sizes and capacities on Jhe same control board. 
They look alike, but unless we have the proper information at 
hand, we are apt to get mixed up. 

I do not believe Mr. Wright got my point correctly about 
not needing limit switches. T referred to the coal hoist only, 
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in that connection. There are so many other things to watch 
that^ I do not believe an over-travel limit was needed on that 
particular job.^ We do have over-travel limits on the hoisting 
crane, skip hoist and ore bridges. The limit switch we have 
on the ash hoist is a geared limit. 

For the information of Mr. Tynes, I would say that the 
millivolt drop which I gave was across the joints between 
the grids. ‘The grids had a closed eye, and the drop averaged 
from 1.1 to 6.5 millivolts. 

President Lincoln said our recommendations on tempera-, 
ture rise were low. Resistance working at high temperature, 
with the present method of assembling resistance banks, gives 
trouble due to contraction and expansion. This loosens up 
the connections and^the clamping, causing burning and sputter¬ 
ing between the grids, unless they are very closely watched. 
When the temperatures get high, you have oxidation of the 
grids, changing the resistance value. Better results are ob¬ 
tained at the lower temperatures. 
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ALTERNATING-CURRENT CONTROLLERS FOR STEEL 

MILLS 


BY ARTHUR SIMON 


Abstract of Paper 

The induction motor with either squirrel cage or wound rotor 
is practically the only type of alternating-current motor used for , 
general industrial purposes in this country and therefore the 
author has confined his paper to considerations of the control 
problems offered by induction machines. The ^various types 
of alternating-current controller in use are described and illus¬ 
trated and the advantages and disadvantages of each type as 
well as its limiting capacities are discussed. ^ A number of 
typical examples of installations of alternating-current con¬ 
trollers in mill work and allied industries is described. 

^T*HE APPLICATION of electric drive in the steel mill and 
^ allied industries is beyond the experimental stage, and 
there cannot be today any more question regarding the general 
advisability of using the electric motor. The earlier develop¬ 
ment, however, made use of the direct-current motor almost 
exclusively, and alternating-current motors have been introduced 
into the industry on a larger scale only during the last few 
years. A great many different types of controllers for alter¬ 
nating-current motors have been developed, but their suitability 
for all classes of work has scarcely been discussed at any of 
the meetings of the technical societies dealing with these sub¬ 
jects. 

From the standpoint of speed control and torque characteris¬ 
tics, as well as in regard to the ease of control for practically 
all applications, the direct-current motor has proved almost 
ideal, and it would have remained alone in the field had not the 
tremendous expansion of the industry required a more efficient 
power transmission system than is possible with direct current. 
After high-voltage alternating current had been introduced for 
the transmission of energy over larger areas and long distances, 
it was, of course, considered advisable to use the alternating- 
current motor direct instead of installing translating devices 
to obtain direct current for the motor drive. 
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There are on the market at the present time two principal 
types of alternating-current motors, which are quite distinct 
in their characteristics—the commutator type motor and the 
induction motor. Little need to be said about the commutator 
type motor, because its practical development has been seriously 
delayed in this country and with a few exceptions, the lines 
which have been developed are of small capacity, and, therefore, 
do not offer any great problems to the designer of controllers. 
It would seem, however, desirable to the writer that the develop¬ 
ment of the commutator type motor for industrial purposes 
should be accelerated in this country, following the lead of Europe, 
where such commutator type motors are employed on a larger 

scale and with as much success as can be expected from a new 
machine. 


In this paper we deal with American conditions, and we can 
restrict our considerations to the controller problems offered 
by the induction machine. The induction machine is built 
with either a squirrel-cage or a wound-rotor type of armature. 
The former may be used for constant-speed work and the latter 
for either constant or varying speed work, but neither one is 
adaptable for adjustable speed work. 

The squirrel-cage motor, on account of its simplicity, the ab¬ 
sence of a collector,^ and its staunchness, is the most desirable 
machine for steel mill service. Its disadvantages are usually a 
low starting torque and a high starting current. It can not 
therefore, be empbyed where heavy starting friction has to 
be overcome, and it is, of course, not suitable for the frequent 
reversal and acceleration of heavy masses. The slip-ring type 
motor, on the other hand, does not have these disadvantages, 
ut It requires a collector which is the cause of frequent trouble. 
On account of the necessity of short-circuiting the armature 
o\ er t e slip rings, brushes and some external connections the 
rotor losses are greater than they are in an equivalent squirrel- 
cage machine, and the efficiency of the slip-ring motor is there¬ 
fore somewhat lower. In very large systems, the voltage in 
^ e armature is relatively high, in order to reduce the current 

o a reasonable value, and this leads to insulation troubles on 
the slip nngs. 

The question of control must also take into consideration 
purely coi^ercial points. We must weigh the relative ad¬ 
vantages of low first cost, power consumption, labor and attend¬ 
ance and the renewals. The effects of these different points 
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are more or less contradictory to each other, and they therefore 
have to be weighed carefully before deciding upon a particular 
type of motor and controller. 

All types of controllers may be divided into two classes: hand 
and automatic controllers. There is no strict dividing line be¬ 
tween the two classes, as there are a great many devices in which 
some functions are performed manually and other functions of 
the same controller are automatic. We therefore speak of semi¬ 
automatic controllers, which take a position halfway between 
the manual and the automatic devices. 

From the standpoint of first cost, the hand controller is usually 
the cheapest, but, on the other hand, the cost of attendance 
for its operation, the usually increased power consumption due 
to improper operation and the cost of renewal, due to unwise 
handling of the controller, may be more than sufficient to counter¬ 
balance the increased cost of a full automatic controller for 
the same work. 

Face-Plate Type Controllers 

The simplest and earliest type of controllers are of the face¬ 
plate type. These controllers are used in connection with 
squirrel cage motons for the control of resistance in series with 
the primary circuit, and with slip ring type motors, in which case 
they are usually arranged to handle only the secondary circuit. 

The controller usually is self-contained, with the resistance 
mounted back of the panel. It is necessary to install a separate 
switch to handle the primary circuit. 

A modification of the face plate type controller which is 
particularly suitable for large capacities, and which is being 
built in sizes up to several thousand horse power, is the controller 
illustrated in Fig. 1. This is the multiple-lever type in which a 
series of switches similar to those on circuit breakers control 
the starting resistance. These levers are equipped with lamin¬ 
ated-brush main contacts and carbon-to-metal auxiliaries, which 
are easily renewable, and which handle the arc due to the com¬ 
mutation of the resistance. The great advantage of this con- 
. troller is that the starting resistance cannot be cut out too 
suddenly, because the operator has to close one handle after the 
other, which requires some appreciable time. The controller 
illustrated is equipped with a no-voltage release,' which, is 
connected in the primary circuit, so that all of the resistance 
is inserted when the primary switch is opened or when the pri- 
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mary power supply fails. It is advisable to install a no-voltage 
release primary switch, so that the motor is entirely cut-off 
the line in case of failure of power. Upon the closure of the 
primary switch, all resistance is already inserted in the circuit, 
and the motor may be started up in the usual manner. 

The starting of squirrel-cage motors with resistance in the 
primary circuit is to be recommended only for small ma.chines 
which start without load. The squirrel-cage motor is usually 
designed to start with between 1| and 3 times its normal torque, 
and a^ corresponding starting current varying from 7 to 3J 
times its normal current. The higher the current, the lower is 
usually the starting torque. For a given motor this starting 
torque is proportional to the square of the inrush current or 
starting voltage, and therefore a comparatively slight decrease 
of the inrush current by means of resistance will cause a large 
decrease of the starting torque. Hence this method is not to 

be recommended where motors have to start frequently and 
under heaw load. 


The face-plate type controller for use in connection with 
f on. the other hand, is a very satisfactory device 

if only infrequent starting is required. As with all face-plate 
type controllers, the limitation of this type lies in the fact that 
very heavy currents cannot easily be handled on sliding con- 
tacts the multiple-lever type is used where the current to be 
handled becomes too high. The-face-plate type controller may 
also be used for speed regulation. For larger sizes we would 
rely also upon the multiple lever type controller 

2 ®hows how the face-plate type speed regulator may be 
terlocked with overloads and a primary switch so as to per¬ 
mit of starting and stopping from a distance. 

seem possible to stop the slip-ring type motor by 

circuit, but this is not considered 
good practise because the closing of the primary circuit of an 

induction motor with the secondary circuit open may give rise 

to senous voltage surges which endanger the insulation of the 

mnJdrtWth therefore always be ar¬ 

ranged so that the pnmary circuit is opened for stopping The 

opening of the secondary circuit without opening the primarv 
orcmt has ..other disadvantage, namely, ttat tL L ™ 
to be eadted from the primary drcit and toe is a 

rotor. The rotor iron losses are higher at standstill than 
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Fig. 1—Multiple-Lever Type 
Secondary Starter with No- 
Voltage Release 
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o ^^coNDARY Faceplate 
Iype Speed Regulator with 

1 rimary Switch and Overload 
Relays 
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Fig. 4—Small Solenoid-Oper¬ 
ated Oil Switch with Tank Re¬ 
moved 
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Fig. 3—Alternating-Current 
Drum Controller with Pri¬ 
mary Oil Switch 
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Fig. 5—Large Solenoid 
Operated Oil Switch with 
Tank Removed 
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Fig. 7—Panel with Alternating Clapper Switches and Secondary 

Series Relays 
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they are when the motor is running at full speed, as the fre¬ 
quency in the rotor at standstill is equal to the primary fre¬ 
quency. Unless the motor is designed very liberally, the lack 
of ventilation may cause a burn-out, though only the magnet¬ 
izing current is flowing in the primary circuit. 

Where infrequent starting is required, the resistance has 
sometimes been immersed in oil in order to give a higher start¬ 
ing capacity, although this method has never found a great 
deal of favor in this country on account of the inconvenience 
of the oil tank. The only advantage claimed by its advocate 
is the saving in spacing and cost. The saving in space, how¬ 
ever, is only small, and under American manufacturing condi¬ 
tions there is no saving in cost, as the oil tank and increase in 
weight generally causes an increase in cost which far outweighs 
the saving in resistance materials. Furthermore, in large 
capacities, the controller can only be arranged for floor mount* 
ing, and in this case, it cannot compare with the open-type 
starting resistance which permits of a very light and pleasing 
design, and which can be arranged for mounting in any position. 

A face-plate controller of special design is sometimes used 
for crane work where slip-ring motors have to be reversed 
frequently. This controller has two fronts, one of which serves 
as a reversing switch for the primary circuit, while the second, 
provided with a three-arm lever, controls the secondary circuit 
of the motor. The controller is equipped with renewable seg¬ 
ment and skate-vShoe type of contacts. This controller is suit¬ 
able for smaller capacities of crane motors up to perhaps oO h.p. 
Its only disadvantage is that the contacts are exposed and an 
operator might easily touch them. It has, therefore, been con¬ 
sidered preferable in late years to enclose the contacts entirely 
and so this controller has been replaced more or less by the well 
known drum-type controller. The general design of this con¬ 
troller is so well known that it hardly needs any comment. 
The contacts controlling the secondary resistance are arranged 
so that the latter is cut out in rotation, one step in one phase 
at a time. The different phases are therefore only balanced 
on a limited number of points, but this is not objectionable if 
the stepping in the different phases is arranged so that a mini¬ 
mum of unbalancing is obtained at all times. It has been found 
that an unbalancing up to 40 per cent in the relative values of 
the currents in the three rotor phases does not seriously affect 
the operation of the motor. 
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Where large amounts of energy are handled in direct-current 
drum controllers, a blow-out is used to extinguish the arc due 
to the opening of the circuit. Such blow-outs are not so easily 
adapted to drum controllers for alternating current and there 
fore some other means have to be adopted for handling larger 
currents. The problem has been solved easily by the use of 
an oil switch, and it is now universal practise to interrupt the 
circuit of larger motors in oil. For this purpose an oil switch, 
containing the primary contacts, is usually mounted below that 
portion of the drum which handles the secondary circuit, or 
behind the drum. In the first case, the switch is, usually, also 
of drum construction, the same as the rest of the controller. 
In the latter case, the switch may be in the nature of an oil 
circuit breaker construction. The drum controller lends itself 
not only to the control of motors for intermittent service such 
as cranes, etc., but also to the speed regulation where the motor 
runs at a definite fixed speed for the greater length of time. The 
construction of these speed-regulating drum controllers is the 
same as those for intermittent service. 

Fig. 3 shows a larger size drum controller in which the pri- 
rnary circuit is arranged at the bottom, and is immersed in 
oil. ^ The oil tank which screws to the top plate of the bottom 
portion is not shown in the illustration. 

When drum controllers are used for intermittent service, 
such as cranes, and the circuit has to be interrupted frequently, 
care must be taken in the design of the primary switch, especially 
if it IS iinmersed in oil. The energy which is dissipated on the 
interruption of the circuit in the oil must be carried away, as 
heat, through convection and radiation. If the cooling sur¬ 
faces of the oil tank are too small, the oil temperature may be 
raised to a dangerous point which may cause an explosion. 
This will blow all of the oil out of the tank, and may cause the 
destruction of the oil switch, or a fire. In order to avoid this, 
the tank must not only have sufficient oil capacity, but it must 
also have ample radiating surface. 

_ While touching on the question of oil for breaking the motor 
circuit, we shall discuss at some length some other questions 
beanng on the design of oil switches in general for controller 
work. In the design of oil switches used for circuit breakers 
the designer usually endeavors to reduce the amount of oil 
required to a minimum on account of the fire risk. Such circuit 
breakers operate but very seldom, and therefore the heat storage 
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capacity of the oil and the radiating capacity of the tank are 
of minor importance. This is different in case of oil switches 
used for controller work, for they have to operate frequently. 
In this case, we have to design the switch with ample heat 
storage and radiating capacity, and a switch which may be very 
satisfactory as a circuit breaker would not necessarily stand 
up under controller service conditions, as has been proved- by 
the frequent failures in cases where primary oil circuit breakers 
have been adopted for drum control for intermittent service 
without any modification. 

Figs. 4 and 5 show respectively a small and a large capacity 
switch constructed with the above mentioned points in view. 
It will be noted that the contacts are arranged in such a manner 
that the arc is formed horizontally and not vertically as in the 
usual circuit breaker construction. This has proved to be very 
valuable, as the arc is apparently extinguished more quickly, 
and therefore the oil is not carbonized as rapidly as with a 
vertical break. 

The switch shown in Fig. 5 has been built in capacities up 
to 500 amperes at 6600 volts. In an installation where the 
switch handles a 1000-h.p. three-phase motor, and where it has 
been installed for five or six years, it controlled this motor cir¬ 
cuit some fifty thousand times, and not the slightest amount of 
carbon has been found in the oil surrounding the contacts, al¬ 
though a good deal of deposit is found at the bottom of the 
tank. The reason for this is, that with the movement of the 
contacts as arranged in this switch the oil deposits are not 
stirred up as violently as they are in the usual oil circuit breaker. 

Solenoid Type Controllers 

Drum controllers are now manufactured in capacities up to 
several hundred horse power, but as the sizes of the motors 
to be controlled increase, the contact parts become larger and 
more numerous, and therefore the power to be exerted for op¬ 
erating the drums also increases tremendously. The limit¬ 
ing capacity for the operation of a drum controller is the power 
which can be exerted without strain by the operator. Another 
limiting feature in the use of the drum controller is the wearing 
of the contacts. The contacts at the different points are mad^ 
and broken slowly, and this necessarily increases the amount 
of wear due to the arcing, where very large powers have to be 

handled. The arcing and the resulting wear, is consequently 
severe. 
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Where the drum controller is insufScient to handle the re¬ 
quired capacity, or where very frequent operation is necessary, 
and it would tire the operator when handling a large drum, a 
multiple solenoid type of controller is resorted to. This con¬ 
sists of a number of solenoid-operated, or clapper switches, as 
illustrated in Fig. 6. 

Fig. 7 shows panels with a number of magnet switches mounted 
thereon. The switches shown in the illustration are suitable 
only for low-voltage currents, usually up to 550 volts. Where 
higher voltages have to be handled the solenoid-operated oil 
switch is by far preferable and is the most universal device. 
We show, however, in Fig. 8 an air-break switch arranged for 

2200 volts, which switch has been used successfully in several 
instances. 


The multiple solenoid controller consists of a number of clapper 
switches as illustrated. The magnets of the clapper switches 
are energized from a pilot controller, which, therefore, has only 
to handle the magnetizing current of the magnets. The pilot 
controller consists of a small drum or similar device. 

The simplest form of the multiple solenoid controller is non¬ 
automatic in operation. The energizing of the different clap¬ 
pers, and the speed of cutting out of the resistance is left en¬ 
tirely to the skill of the operator. For large systems this mode 
of operation is, of course, objectionable because too rapid hand¬ 
ling of the master controller will cause excessive current surges 
on t e line, and undue stress on the motor and machinery. 
Iherefore, automatic control is resorted to. This tvoe of con- 
troUer is the most important to the steel mill engineer. The 
automatic feature of the controller consists of one or more 
current-Hmitmg relays, which are connected either to the primary 
or the secondary circuit of the motor, and which prevent too 
rapid cutting out of the resistance. The operation of this 
current-limiting relay is well known, and it has been used on 
direct-current motors for a good many years. We shall there- 
fore discuss here only those features which distinguish it when 
used in alternating-current systems. 

tin™Ztinf-f controllers for alterna- 

«io?orX t this 

resistance is insert connected direct to the line while 

snort OTcuited, to accelerate the motor to its full speed Both 
e primary and secondary current vary with the load and the 
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Speed under normal conditions. The secondary current is 
approximately proportional to the torque exerted by the motor 
in about the same way as in a shunt-wound direct-current 
motor. The secondary current becomes zero when the motor 
runs idle. The primary current, on the other hand, is not a 
straight-line function of the torque because the primary circuit 
supplies, besides the load current, the magnetizing current of 
the motor. This magnetizing current in modern motors is 
about 30 per cent of the full-load current. 

There are today two methods of operating automatic con¬ 
trollers with current-limiting relays; one method is by putting 
one or several relays in the primary circuit, and the other method 
by putting the relays in the secondary circuit of the motor. 

Fig. 9 shows a relay arranged for connection to the primary 
circuit. The primary relay requires for a certain range, between 
maximum and minimum torque, at which the relay is to act, 
a more accurate adjustment than the secondary relay, because 
the primary current does not fall off as rapidly as the torque. 
It has the further disadvantage that it cannot be cut out when 
it has done its work, except by the addition to the controller 
of another switch of sufficient capacity to handle the primary 
circuit. The installation of such a switch is objectionable on 
account of its cost. The primary relay, therefore, has to be 
designed for continuous service which makes it rather bulky 
and sluggish on that account. On the other hand, the second¬ 
ary relay can be connected so that it is cut out by the same 
switch which cuts o^t the secondary starting resistance, and 
therefore would have to be designed for very intermittent duty 
only, and would be correspondingly light and sensitive. 

Fig. 10 shows a multiple-relay type of controller with relays 
in the secondary circuit, one relay being employed for each step 
of resistance, and the different relays are so connected that they 
always form the star point of the resistance in circuit, and are 
cut out when the corresponding resistance step is cut out of 
circuit by the succeeding clapper switch. As the relay itself 
forms the star point of the resistance, and therefore the potential 
difference between any two points of the relay is only equal 
to the drop in the=relay coil, it is necessary to insulate these coils 
only very lightly from each other. 

The relay in the secondary circuit has an apparent dis¬ 
advantage due to the change in frequency oLthe current in the 
secondary circuit. When a motor operating on a .25-cycle 



970 


SIMON: A-C. CONTROLLERS 


[April 16 


circuit having a slip of 5 per cent reaches normal speed, the 
frequency in its secondary circuit is only IJ cycles per second. 
x4s the rela}^ has, of necessity, very light moving parts, this low 
frequency would cause it to pump up and down, unless it was 



Fig. 10 Connection. Diagram of Series Relay Self-Starter 

% 


provided wiy some means for limiting such pumping, such as 
a shading coil, which at low frequency is really not very effective. 
Another way to avoid the pumping is to make use of the fact 
that the total pull exerted by three equal coils which are con- 
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nected in the three phases of the secondary circuit is constant 
as long as the current is balanced and constant. These relays 
are wound with three coils which are connected together at one 
end, while the other ends are connected to the respective clap¬ 
pers^ and resistances. The relay has an absolutely constant 
pull regardless of the frequency of the secondary circuit. It can 
therefore be made more sensitive than a relay which is connected 
to one phase only, and is provided with shading coils or other 
means to prevent it from chattering. As mentioned above, 
the use of the shading coil will not really protect against chatter¬ 
ing. In order to get a constant pull with this arrangement it 
will be necessary to have the shading coil flux displaced 90 deg. 
from the main flux, and to have both of equal magnitude. 
This result cannot be accomplished, and therefore the relay 
will have a tendency to chatter as the frequency in the secondary 
circuit decreases with increasing motor speed. The pull on 
the plunger of the relay varies therefore between a given mini¬ 
mum and maximum, even with constant effective current flow 
in the secondary circuit, and when the frequency is low, and 
the inertia of the plunger which -tends to hold it up is relatively 
small, the relay will drop before the effective current in the 
secondary circuit is equal to that for which the device is adjusted. 
Hence such a relay will always work more or less erratically, 
and at the best it will require a much wider limit of setting than 
the three-phase relay described above. ' i > 

It is, of course, not necessary to have the three coils of the 
secondary relay connected so as to form the neutral point of 
the resistance. In some cases it is necessary to have the three 
coils insulated from each other. This is the case where the 
relay is used as a '' jamming '' relay, in which case it has to be 
connected ahead of all of the resistance and directly behind the 
slip rings of the motor. Where the secondary circuit has a 
relatively high voltage, and in motors of large capacity, it is, 
of course, possible to connect the relays to current transformers 
inserted in the secondary circuit instead of connecting them 
directly into the latter. This is particularly valuable in case 
of the jamming relay, which otherwise would always have 
to be insulated for the maximum secondary voltage. 

There is still a good deal of discussion as to the advisability 
of using a single relay controlling several steps of resistance in¬ 
stead of a separate relay for each step. It seems to the writer 
that the latter method is to be preferred, because it is possible 
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to set the different relays for different currents. This is a par¬ 
ticularly valuable feature in machinery such as centrifugal 
pumps and so on, where the torque required to accelerate the 
motor varies between the low speed and high speed. Each 
relay is then set for a different accelerating current, a feature 
which cannot be obtained with a single relay in the primary or 
secondary circuit. 

The simplest kind of current relay controller is a non-reversible 
self-starter for use in connection with machinery which always 
revolves in the same direction. Instances of this kind are cen¬ 
trifugal pumps, blowers, compressors, and so on. The operation 
of such machinery represents nothing that is novel in the art, 
and it therefore need hardly be discussed here. The controller 
consists of a suitable clapper for the primary motor circuit 
operated by a low-voltage magnet coil, and it has a number of 
switches controlling the resistance in the secondary motor 
circuit. The secondary circuit of the motor is usually designed 
for comparatively low voltage, and therefore the usual clapper 
type construction, as illustrated, may be employed. 

The secondary switches are controlled, by three-phase series 
relays connected and constructed as described above. 

Where the supply circuit has a voltage above 550, it is neces- 
ary to employ a step-down transformer which supplies current 
for the pilot circuit operating the magnets. In a previous para¬ 
graph we have already touched upon the considerations which 
bear on the construction of such high-tension switches. 

A type of controller which finds more frequent application in 
steel mill practise than the non-reverse automatic starter is the 
reversible automatic controller. Its usual application is for 
intermittent service requiring very frequent starting and, quite 
often, speed regulation at all controller points. The service 
performed is very much more severe than that of non-reversible 
controllers. Instead of putting in one switch for the primary 
circuit, two switches suitably interlocked are used, one for each 
direction of rotation of the motor. The secondary circuit of 
the motor is controlled in the same manner as on the non- 
reversible controller. The resistance has to be designed with 
a considerably heavier capacity, and in some cases requires even 
continuous carrying capacity on all points. Such controllers 
are used in connection with mill tables, cranes, hoists and other 
machines. 

The various applications of this controller in steel mills and 
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Fig. 8—2200- Volt Triple-Pole Air-Break Reverse Switch 
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Fig. 9—Primary Series Relay 
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Fig. 11 —Control Panels for Electrically-Operated Shovel 
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allied industries require many special features, and we shall 
further discuss some of the typical applications of these con¬ 
trollers. 

Electrically-operated shovels and drag lines have not been 
discussed very much in electrical literature, though they pre¬ 
sent some very interesting problems, and since the writer has 
some interesting data on hand, we shall discuss these. The 
first shovel installations used direct-current motors, and it was 
considered not only desirable but absolutely necessary to build 
the controller and the motor so that the electric shovel would 
exactly duplicate the operating cycle which was found the 
most suitable for the older steam machines. The first installa¬ 
tions were not quite as successful as had been expected, and 
designers have gradually come to the conclusion that it is best 
to modify somewhat the operating cycle of the shovel, or, at 
least, the mechanical design of the shovel in order to fit the 
electric motor. On account of the necessity of transmitting 
the power to the shovels, usually over long distances, most of 
the shovels which were installed in late years are equipped with 
alternating-current motors, and these are the ones which we 
shall treat here.. 

Shovels of capacities ranging from 60 to 100 tons are equipped 
with three motors, one for hoisting, one for the swinging and 
one for the thrust motion. Except on the smaller machines, 
all motors are controlled by full automatic controllers. On the 
smaller machines, the thrust motion has a drum controller. 

Fig. 11 shows the controller panels for a 100-ton shovel. 
The main hoist motor is equipped with a non-reversible, auto¬ 
matic self-starter, which in turn is controlled by a multiple 
speed master drum. This controller is provided with a number 
of “jamming” relays, which reinsert resistance in the rotor 
circuit of the motor when a certain maximum torque is reached, 
so that if the motor is stalled by encountering an excessively 
heavy obstruction in the stone bank, the torque is automatically 
increased up to the maximum torque which the machine can 
stand. This avoids the stalling of the motor with the resistance 
short-circuited, which would result in the opening of the cir¬ 
cuit breaker and the loss of power. The hoist motor is non- 
reversible, because there is always a sufficient load on the motor 
to overhaul it and to lower the bucket of the machine when 
the brakes are lifted and the power supply to the motor is cut off. 

The swinging motion is controlled by a full-reverse auto- 



974 


SIMON: A-C. CONTROLLERS 


[April 16 


niatic self-starting controller, also provided with a master drum 
controller which permits of running at any speed. The use of 
current-limit relai^'S has proved particularly advantageous in 
this instance, because the inertia of the boom of the shovel is 
quite high, and therefore it would be quite possible for the 
operator to accelerate too fast and to lift the shovel off the 
track, if no current-limit relays were provided for. 

This is still more important in case of the drag hne, the boom 
of which has a still greater inertia on account of its extreme length, 
n other respects the drag line operation is the same as that of 
the shovel, except that it has no thrust motion, the bucket 
being operated only by the manipulation of the hoisting machine. 



Fig. 12 Current Consumption of Automatic Shovel 


The thrust motion of the shovel is also' controlIpH K-, 

controller with a few steps. In this casHtt ^ 1 "T* 

the motor sneed iq a'hniid- ; designed so that 

and therefore the motor is m^with^sX^ 

ance in the secondary circuit so that 

with the controller in thX speed-torque curve 

a straight line, and the motor eSrtXe^^^"^• 

staUed. In this way it is nosX torque when 

follow the uneven curvature of tin "ways to have the bucket 

hoisting machine is operated withoutX °a 

the machinery by exertine- uuti ^ danger of wrecking 

motion. ^ the thrust or hoist 
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The diagram of Fig. 12 relates to the power consumption of 
an electric shovel equipped with automatic controllers. A 
second shovel of the same bucket and motor capacity and 
of the same weight, is of German make, and we therefore 
shall call it the '' German ” shovel, whereas the first shovel 
with automatic controllers is of American make, and we 
call it the ''American” shovel. The tests were made on high- 
grade iron ore in the Swedish iron mines in Lapland, and the 
following results were obtained: 


COMPARISON OF ELECTRIC SHOVELS IN SWEDEN 


Maximum peak. 

Next four peaks. 

Amount of excavation 

Average load. 

Time to load 5 cars... 

Kw-hr. 

Kw-hr. per ton. 


German 

American 

390 kw. 

380 kw. 

520 

kw. 

480 

kw. 

370 kw. 

340 kw. 

460 

"kw. 

420 

kw. 

36.5 tons 

36.5 tons 

37.4 tons 

36 

tons 

105.4 kw. 

105.4 kw. 

157 

kw. 

164 

kw. 

, 20 min. 

22 min. 

9i 

min. 

m 

min. 

35.1 

38.6 

24.8 


30.8 


0.96 

1.06 

0.662 

0.865 


It will be noticed from the above table, that, while the maxi¬ 
mum current peaks of the automatic shovel are higher, the 
shovel handled nearly twice the amount of material in a given 
time that was handled by the non-automatic shovel, and the 
power consumption per cubic yard of material handled is con¬ 
siderably less on the automatic shovel. If the cost of power, 
depreciation, interest, labor and other items, were added, it 
would be found that the operation of the automatic shovel is 
considerably cheaper than the operation of the non-automatic 
shovel, and that in this instance, and in a good many others, 
the increased cost of the more expensive installation more than 
pays for itself within the first year. 

An important machine for steel mills and mine service is 
the electrically driven pump. When installed in the mine the 
pump controller has to be designed along the same lines as the 
controller for mine fans, and special provision has to be made 
for automatic re-starting after failure and subsequent restora¬ 
tion of the current supply. In some instances it is possible to 
have the pump started by hand operation under no-load con- 










976 


SIMON: A-C. CONTROLLERS 


[April 16 


ditions. In this case, the operator will close the inlet and outlet 
valves of the pump before it is started. ,We have reference here 
primarily to centrifugal pumps, which are used more and more 
universally^ today. Under the conditions outlined above, the 
pump requires only a very low starting torque and therefore it 
is very often possible to employ a squirrel-cage motor with 


compensator type starter. Under some special conditions the 
pump may even be started with a very low torque without ma¬ 
nipulation of the inlet and outlet valves, and it may, at the same 

thne, be desirable to use an automatie controller, thereby doing 
away with the necessity of a constant attendant. In recent 
years automatic compensator type starters have been adopted 
and have proved to be quite successful. It has been found 
that such starters may be operated either with current- or 
time-hmit relays. In controlling the acceleration, the current- 
imit relay has the advantage of keeping the .current peaks 
a ways within predetermined limits irrespective of the time it 
a es the motor to accelerate, and irrespective of any possible 
variations in the starting torque. On the other hand, if for 

required should increase appre- 
ciably, the current relay might not permit the controller to apply 

touirir®" therefore, the motir 

both^b^ tT ?® lo^-voltage tap of the starter, and 
the motor and the starter might ultimately bum out 

This danger is enhanced by the fact that the current of the 

tmg period and therefore the current relay has to act on very small 
changes of current; in othet words has tn h. ^ . 

t his extreme sensitiveness cannot always be maintained under 

e^sr/i^sr^^^ conditions, and with only disinterested sup- 
erwsion it seems more desirable to use the time-limit relav ar 
celeration for such controllers, despite some inherrt dSvaT 
tages which such controllers undoubtedly have. If the starting 
orque reqmred of the motor is liable to vary, the current which 
It tekes with the time-limit relay also varies Th?<,T.T, 

oDjection to the time-limit relay acceleration; but, on the other 

hand, as long as the relav ooerates at ^,11 i+ • x 

the motor to rm mdefimtele “ Possible for 

trimeformers, but stotmg tap ot the starting 

be snfficienl to briUThe 

brought to the r^ , ®P'«>. it "h be 

oS ttlrS, ‘ ^ speed point, and the transformer are out 

vSe ol'Phnatmg the danger of burn-out due to low 
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On the other hand, if the motor should not start at the first 
controller tap, it would start when it is thrown on a higher 
ap or on the full voltage. This may not be always the best 

mg for the mechanical parts of the machinery, but with 

proper mechanical design, it would in no event be so disastrous 

as the stalling of the motor and subsequent burning out, due 

o t e inability to start at low voltage, as in the case of current- 
limit acceleration. 

While we are dealing with the handling of raw materials and 
_ he operations in the mines, we wish to call attention to a very 
interesting problem involving semi-automatic or automatic con- 
rollers for an entire series of motors; this is the motor drive of 
a line or several lines of belt conveyers. In cases where a great 
many belts are driven by individual motors, it is desirable to 
prevent an accumulation of material on any one of these belts, 
ue to the shut-down of its corresponding motor. It is' there¬ 
fore necessary to interlock the controllers for the various belts 
m such a manner that in case of stoppage of any motor all pre- 
ce ing belts also come to a standstill, stopping the delivery of 
material to the belt in trouble, so that the motors can only be 
started in reverse rotation to that in which the material is handled 
by the various belts. A number of such installations have re¬ 
cently been completed for coal and ore belts. In one notable 
installation, covering some thirty belts, the interlocking spoken 
of has been accomplished by means of centrifugal governors, 
which are driven by the countershafts on the belts, and which 
when standing still, open any interlocking circuit which is in 
circuit with the preceding motor. In another instance, all 
belts, crushers, etc., belonging to the system are controlled by 
compensator type starters, the no-voltage releases of which are 
interlocked so as to get the results desired as outlined above. 

1 his shows to what extent automatic"controllers can be adapted 
to the steel mill industry to supersede inefficient labor. 

The electric drive of the coal and ore bridge has received a 
great deal of attention of late years. This problem is important 
because most of the raw material is transported by water on the 
Grea,t Lakes, and since the shipping season is comparatively 
short, it is desirable to load and discharge vessels as quickly as 
possible to get the highest rate of return from them. The 
loading and unloading equipments therefore have been designed 
to enable much more rapid handling of material than is found 
anywhere else in the world, I hardly need to mention here the 
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feats that are being accomplished almost daily in the tinloading of 
ore and coal vessels, and there is being presented today another 
paper dealing particularly with coal and ore handling machinery. 

One of the most important installations in the blast furnace 
plant is the skip hoist, on the operation of which depends the 
smooth*"running of the furnace.. Skip hoists are also used in 



Fig. 13 —Connection Diagram for Alternating-Current Skip 

Hoist 


mines, cement plants, and so on. The writer is not familiar 
with any alternating-current installation on blast furnace skip 
hoists, but there have been made some notable installations of 
skip hoists, particularly in cement plants. 

Fig. 13 shows a diagram of a balanced automatic skip hoist 
in a cement plant. These hoists are designed for a maximum 
pull 'on each rope of approximately 11,000 kg. (25,OOOab.). 
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_ hese rope pulls are balanced by -the weight of the descend 
mg skip on the other side, so that at the time of startino-' 
t e unbalanced rope pull which the motor* has to handle £ 
approximately 7000 kg. ^(17,750lb.). Each hoist is designed 
to handle 7200 kg. (16,000 lb.) of stone per trip The s5n 

nonzontal. The hoists are equipped with a 125-h.D. 660 . 

VO , 60-cycle, three-phase motor, continuous duty, and the 

frLr mi?fr- «Peed of 200 

t per mm. The actual hoisting distance is 139 ft., and each 

tion ^ tons per hour. The opera- 

• 1 entirely automatic, the starting beine 

initiated by the loaded car, and a solenoid brake is mounted 

on the motor shaft to bring the hoist to rest. The hoist stons 

a ways within three inches of the same point. By slightly 

overloading the skip each hoist has handled 4700 tons of stone 
in ten hours. 

Another ve^ important application is the electric drive of 
me hoists. Where very large powers have be to handled special 
rrangements are usually made, such as the installation of an 
Igner system, which is always to be recommended, except where ' 

practically unlimited, and can therefore 
take care of the rapidly fluctuating load of the hoist. For smaller 
powers the slip-ring type motor is quite suitable, with a seriS 

tio7of T controller. The satisfactory opera¬ 

tion of the series relays may best be judged by the fact that in 

peak at starting never exceeds 
peres, the maximum current which is allowed by the power 

company Some figures relating to this hoist may be of interest, 
e hoist was guaranteed to require not in excess of 90 amperes 

rakLerS’"^ operating balanced or un- 

is measured on the’^ latter case The current input specified 
measured on the primary side of the transformer, with a pri- 

TowedtT The calculations 

^^’^anteed condition of load, the maximum 

1 1 which checks up 

graphic curve. The motor is 200 h.p., 440 
volts 60 cycles. The controller, in addition to the s^tehes 
handling the motor arcuits, is equipped with a high-tension 
type magnet switch which cuts off the current of the trans¬ 
former whenever the motor stands still, so as to avoid the pri- 
mary losses of the transformer. 
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The most important motor application in the steel mill is the 
main drive for^the rolling mill. A great deal of discussion has 
taken place during tke last ten years regarding the most advisable 
arrangement for this installation. European practise today uses 
the^ two-high mill driven by reversing direct-current motors, 
which are supplied from a motor-generator set with flywheels, 
and which are controlled according to the variable voltage sys¬ 
tem. On the other hand, in this country, operating men have 
preferred a three-high mill driven by a constant speed motor 
running always in the same direction. This enables the use 
of high-voltage alternating-current motors directly supplied 
from the power station and eliminates the motor-generator, 
thereby eliminating several links from the transmission system 
and increasing its insurance against breakdown. It is usually 
pointed out that such an installation is more reliable and cheaper 
in operation on account of its higher efficiency, but it is the 
writer's belief that there is no universal solution for all cases, 
and there can be no doubt that where conditions are suitable, 
the Ilgner system is equal if not superior to the American system 
^ of constant-speed motors with the three-high mill. 

We do not propose to discuss at length any of these installa¬ 
tions, but we give operating data of such an installation, con¬ 
sisting of two 500,- one 750- and one 1000-h.p. motors. The 
motors are 2200-volt, three-phase, 25-cycle machines. The con¬ 
trollers are arranged for forward and reverse rotation and also 
for automatic braking. The reverse is required only for emer¬ 
gency, for instance, when the mill becomes clogged. In this 
case, the primary circuit of the motor is reversed and it is pos¬ 
sible to accelerate the motor up to full speed in the reverse direc¬ 
tion, if this should be desired. 

Automatic braking is obtained by energizing two of the three 
phases of the stator with direct current from a low-voltage 
source of supply, and then gradually cutting out the resistance 
in the rotor circuit of the motor. The motor then operates as 
a synchronous generator with variable frequency. 

A nuitiber of steps of permanent resistance are employed, 
which may be cut in and out by knife switches. The purpose 
of this resistance is to adjust the average slip of the motor, so 
as to enable the flywheel, which is put on the motor shaft, to 
smooth out the current peaks during the cycles of operation. 
Depending upon the material to be rolled, the average load on 
the motor is higher or lower, and therefore it becomes necessary 
to adjust the slip resistance to the average load. 
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The controller is operated through a master drum having 
two handles, one for acceleration, and the other for setting the 
direction of rotation. This second handle will also complete 
the dynamic braking connection in its center position. The 
two handles are interlocked in such a manner that the accelera¬ 
ting drum must always be returned to the position in which all 
accelerating switches are opened and all resistance inserted in 
the rotor circuit before the direction switch can be operated. 
The acceleration and the dynamic braking may be entirely 
automatic. It is only necessary for the operator to bring the 
accelerating drum handle to the full speed position, and the 
motor is then accelerated or slowed down by the automatic 
action of the current-limit, relay in the secondary circuit. This 
tends to keep the torque, during acceleration and braking con¬ 
stant. The high-voltage switches employed in the primary 
ciicuit of this installation have been described before. It should 
also be pointed out that the controller is equipped with overload 
relays connected in such manner that the drum has to be re¬ 
turned to the off position to enable restarting after the over¬ 
load relays have operated. 

Some data relating to the motors are as follows: One 500-h.p. 
motor, 365 rev. per min., flywheel 10-ft. diameter, 10,000-lb. 
rim,^ one 500-h.p. motor, 12-ft. 8-in. diameter flywheel, 30,000- 
lb. nm; one 750-h.p. motor, 244 rev. per min., 12-ft. 8-in. fly¬ 
wheel, 30,000-lb. rim; one 1000-h.p. motor, 180 rev. per min., 
17-ft. flywheel, 60,000-lb. rim. 

The 1000-h.p. motor requires about five minutes for its 
acceleration with an initial inrush of 750 kw., and subsequent 
peaks of approximately 600 kw. The current peaks of the 
other motors ^ are proportionate. According to the report of 
the engineer in charge, the controllers for these motors, after 
the installation was completed and adjusted, never required 
any attention, except usual inspection, during the five or six 
years of installation. This would indicate that alternating- 
current controllers can be built today sufficiently reliable for 
the most severe service conditions. 

^ We have outlined in this paper some of the typical installa¬ 
tions of alternating-current controllers, and we'have touched 
upon some of the typical points in the design of such controllers, 
and the author will be glad if the paper furnishes the basis of a 
general discussion on the subject. 
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THE ALTERNATING-CURRENT COAL HOIST 


BY RAYMOND E. BROWN 


Abstract of Paper 

_ The paper describes an alternating-current coal hoist recently 
mstalled near Pittsburgh in which dynamic braking is employed. 
The brakes and clutches are operated by compressed air, which 
permits of a maximum rate of operation and also makes feasible 
the use of various safety devices. 

The electrical equipment of the coal hoist must be capable 
of continuous operation at the maximum speed and any attempt 
to insure against motor or brake trouble by providing excess 
capacity simply results in the rnotor being operated at that 
increased capacity. The control in lowering the empty bucket 
at high speed must be accurate enough so that it can be slowed 
down quickly without damaging the barges or steamers in 
landing. With a friction brake the only way to avoid striking 
landing is to make a complete stop before reaching 
the bottom, thereby causing an appreciable loss of time, which 
IS entirely avoided by the use of dynamic braking. In the case 
of the plant described the control has proved sufficiently accur¬ 
ate and exact so that a complete cycle of the hoist trip due to 
the overlap of hoisting and racking movements can be made in 
40 seconds instead of the estimated time of 50 seconds. 


* I ’he coal hoist, and of course the ore-handling bridge or 
unloader, is different in several respects from most other 
machines for hoisting or transferring materials, and also from 
nearly all other applications of electric or steam power. 

One of the points of difference is in the necessity for a very 
accurate analysis of the cycle of operation, in order to obtain 
a motor of the proper speed, torque and heating capacity. 
In the case of a motor handling any material in its progress 
through the mill, the amount of work it will have to do is, to 
some extent at least, determined or limited by the apparatus 
which brings the material to it or takes it away to the next 
operation. Consequently, by providing some excess over the 
rated capacity, the motor can be given what we may speak of as a 
factor of safety against overheating. In the case of the hoist, 
however, the material in front of it is, we may say, unlimited, 
as it is usually brought in in quantities sufficient to permit the 
hoist to operate at its maximum possible speed for a period long 
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enough to cause any trouble that can arise from overheating of 
either the electrical or mechanical parts. 

The electrical equipment consequently must be capable of 
continuous operation at the maximum speed which the weight 
lifted, the motor characteristics and the operators movements 
will permit. Any attempt by the designer of the hoist to insure 
against motor or brake trouble by providing an excess in capacity 
over and above that specified by the purchaser simply results 
in the machine being operated at that increased capacity as 
long as any material remains in front of it. 

One other point wherein the coal or ore hoist differs from 
other hoists is in the lowering of heavy unbalanced loads at 
high speeds and yet under very exact control. The furnace 
or skip hoist when not counterbalanced approaches this condition, 
but on account of working between fixed points it can have 
limit switches to provide for the slow-down and stop. The 
coal or ore hoist on the other hand has no fixed elevation for 
the material which it is digging, consequently it is still necessary 
for the operator to control the lowering of the bucket. The 
ladle crane lowers its full load, but its speed is very low. The 
coal or ore hoist must lower an empty bucket weighing from 
one-half to two-thirds as much as the load hoisted, and must 
do this at a speed from 300 ft. (91.5 m.) per min., to 500 ft. 
(151.5 m.) per min. The operator’s control over this speed 
must be accurate enough so that he can quickly slow the bucket 
down to land it on the frail wooden barges used on our rivers or 
on the comparatively thin steel plating of the lake steamers. 

The statement has been.made, and probably is still believed 
by some, that the friction brake, operated by foot or hand, is 
the most reliable control for lowering a bucket. With dynamic 
braking, each notch on the controller gives a uniform lowering 
speed, and since the load being lowered is always the same, 
it follows that the speed on any given point is always the same. 
On the other hand, no uniform pressure or position of a foot 
brake can fail either to retard the load or permit it to accelerate, 
because even if the operator does accidentally produce a torque 
exactly balancing that of the load, the coefficient of friction 
changes as soon as the brake temperature rises, and consequently 
the^ balance is destroyed as soon as it is established. A speed 
variation of 20 per cent produces a change of 44 per cent in the 
kinetic energy of the moving masses, and this must be absorbed 
by the brake. Since the operator can not estimate the speed 
within 20 per cent and has no means of producing any definite 
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Speed while lowering with a friction brake, it is evident that the 
only way to avoid striking too hard is to make a complete stop 
before reaching the bottom. This causes an appreciable loss of 
time which is entirely avoided when dynamic braking is used. 
It is unnecessary to dwell at any length on the effect on the 
machinery and ropes of the shocks caused by sudden applica¬ 
tions of the brakes, or on the expense of replacing the brake 
lining and occasionally the brake wheels. 

Reference was made earlier in this paper to the question of 
heat-absorbing or rather heat-radiating capacity of motors and 
brakes. Another of the advantages of dynamic braking is that 
the heat-capacity of motors seems to be capable of more accurate 
determination, or at any rate, is more accurately determined 
than is the case with the ordinary friction brake, as it has 
not been a very rare occurrence for a friction brake to require 
some changes before it would lower the bucket on a high-speed 
hoist without overheating. 

The purpose of this paper is to describe (to some extent from 
an operative view-point) a coal hoist recently installed for 
the Union Railroad near Pittsburgh. This is a duplex tower 
containing two independent hoists taking coal from river barges 
and loading it into railroad cars. The coal can be crushed and 
screened into various sizes or may be loaded direct without 
any preparation. The entire plant is operated by 220-volt, 
25-cycle, three-phase a-c. motors. 

The two engines for handling the buckets are located in a 
room about 28 ft. (8.5 m.) by 42 ft. (12.8 m.) at the top of the 
tower. Below this are the trolley tracks, which extend out over 
the river as a fixed boom or cantilever. Below these tracks 
in the tower is the coal hopper, which is provided with two 
discharge spouts. The mechanism below this point, like that 
above the hopper, is in duplicate, so that a description of one 
side will suffice. 

When the coal is to be crushed it is conveyed to the top of 
the crusher by a pan feeder conveyor driven by a h.p. motor. 
The crusher is driven by a belt from a 150-h.p. 480-rev. per min. 
motor which has an • auto-starter with separate transformer, 
and is protected by a three-pole a-c. contactor-type circuit 
breaker with push-buttons for resetting overload and for closing 
the circuit breaker. 

The crusher delivers to a set of shaking screens, operated by 
eccentrics on a shaft driven by a 25-h.p. motor. When it is 
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not necessary to crush the coal, it is fed by another type of feeder 
directly from the hopper to the shaking screens. 

The auto-starters and circuit breakers for the motors driving 
the feeders and shaking screens on both halves of the plant are 
grouped together at a point where the attendant can see the coal 
passing into the cars, and he can, by pressing a button, stop 
the flow of coal to either of the cars. As the shaking screens 
in the two sides of the tower deliver to different tracks, the 
simultaneous loading of orders for different grades of coal is 
possible. 

The bucket has an average capacity of 4 short tons (3650 kg.) 
and weighs about 11,000 lb. (5000 kg.). The closing rope passes 
around sheaves in the top of the bucket and in the vertically 
moving crosshead which is connected to the spades to give the 
necessary power for closing them. The ends of this rope pass 
over sheaves in the trolley, then to sheaves at the ends of the 
trolley track and to the closing drum in the engine room. The 
hold rope, which carries the open bucket, passes under a sheave 
in the top of the bucket and follows the same route as the closing 
rope, both ends being anchored on the hold drum. The hoist 
motor is connected to these two drums through two pairs of 
gears having a total ratio of 10 to 1, which gives the bucket a 
speed of 7| feet (2.3 m.) per second. Each drum has an air- 
operated clutch, and there are two air-operated band brakes, 
one being on the hold drum and the other on the intermediate 
shaft or countershaft next to the motor. The operator has a 
valve for each clutch, and one for the two brakes. The con¬ 
struction of this valve is such that a partial movement of the 

handle applies the hold brake, and a complete movement applies 
both. 

The rope arrangement is such that the trolley or racking move¬ 
ment is independent of the bucket engine. The rack engine 
consists of a 75-h.p. mill-type motor geared to a drum from which 
ropes lead to the two ends of the track and thence to the’trolley. 
The drum is provided with an air-operated brake. The motor 
is^ controlled by a plain reversing contactor-type controller, 
with master controller in the operator’s cab. This master con¬ 
troller, as well as that for the hoist, has a straight-line bevel-gear 
drive handle, so that the movements of the handles of the two 
controllers and the four air valves are all of the same character. 

^ It may be of interest to follow out a cycle of operations, start¬ 
ing at the time when the bucket is ready to begin lowering. The 
hold brake valve is moved to the release position, and the hoist 
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controller handle is placed on the point which has been found to 
give the desired speed. The bucket descends at a uniform speed, 
and if^ the coal is deep enough to prevent injury to the boat, the 
speed is not checked until just before the bucket strikes the coal, 
when the controller handle is moved to the maximum braking 
pOvSition and the brakes are also applied. When working near 
the bottom of the boat, the increased dynamic braking is applied 
earlier, ^ so as to land the bucket without shock. The hold 
clutch is now released with the left hand while the right moves 
the controller handle to the proper point for closing. When 
the bucket is closed the left hand returns the clutch valve handle 
to its application position, while the right applies full power for 
hoisting. The left hand is now free to rack the trolley in toward 
the hopper at the proper time. When the bucket is high enough, 
the hoist controller is returned to its off position, and as the buck¬ 
et slows down the hold brake is applied. The bucket by itself 
would stop its upward motion in about a foot (0.3 m.), but the 
momentum of armature, gears and drums is sufficient to hoist 
it several times this amount after the power is shut off. 

The bucket is dumped by releasing the hoist clutch, which is 
applied as soon as the bucket is open. During this time, the 
left hand is stopping the trolley and racking it out again. If 
followed out closely this cycle will be found to require only 
six changes in the position of the operator's hands—^that is, 
six shifts from one handle to another. 

All of the handles move in vertical planes toward and away from 
the operator, and none of them require any appreciable effort. 

This system of bucket engine construction permits the use 
of one motor when the necessary amount of power is available 
in one unit, and permits the use of two or even more motors 
if necessary, without any change in the scheme of operation. 
It allows the full power of hoist motors to be used for the final 
closing of the bucket where the material being handled is such 
that this amount of power can be utilized. It also permits 
the full torque of hoist motors to be used for retarding the 
speed of the bucket while lowering. In cases where the necessary 

amount of power can be obtained in one motor, the cost of 

* 

motor and controller will be considerably less than where the 
type of engine requires two motors and two controllers. Also, 
when the hoist is so large that two motors are necessary, the 
cost of the controller equipment is less if the two motors are 
handled by one controller than where two separate controllers 
are needed. Where the two drums are independent, each having 



988 


BROWN: A-a COAL HOISTS 


[April 16 


its own motor and controller, lowering requires the manipulation 
of two handles instead of one, as one motor must pay out the 
slack closing line while the other acts as a brake. 

The use of air for operating brakes and clutches permits the 
operator to maintain the maximum rate of operation throughout 
the day, to a much greater extent than can be done where the 
severe labor of manipulating clutches and brakes by hand or 
foot is required of him, especially when handling heavy loads. 
It also makes it feasible to install various safety devices. In 
this plant the hold brake is automatically applied if the bucket 
is hoisted too high, also when the overload relay cuts off the 
power to the motor, and in case of loss of voltage on either the 
a-c. lines or the d-c. control circuit. Limit switches on the 
trolley track cut off power to the rack motor and apply the air 
brake on the drum. 

A small motor-generator set is located in each half of the en¬ 
gine room, supplying 220 volts direct current from a six-kw. 
shunt-wound generator for the coils of the contactors on the 
hoist and rack controllers. It also excites the fields of the other 
generator, a nine-kw. 15-volt compound-wound machine, which 
supplies the low-potential direct current to the stator windings 
of the hoist motor during dynamic braking. These two genera¬ 
tors are direct-connected to a 20-h.p. 710-rev, per min. a-c. motor* 

Air is supplied by a two-cylinder compressor driven by an 
a-c. motor. The compressor governor is arranged to lift the 
inlet valves in the cylinder heads instead of stopping -the motor 
as is customary in d-c. operation. 

The hoist engine is driven by a wound-rotor induction motor 
with an intermittent rating of 315 h.p. The calculated cycle 
of operation includes six seconds closing at 150 h.p., three seconds 
accelerating hoist at 425 h.p., eleven seconds hoisting at 340 
h.p., and twelve seconds lowering, at 130 h.p. braking. These 
values are for power at the motor pinion. 

The hoist controller consists of the master switch in the 
operator’s cab, and a panel in the engine room, with the necessary 
resistance located immediately behind the panel. The panel 
carries the necessary contactors, interlocks and relays. There 
are three single-pole contactors to connect the stator windings 
to the a-c. lines; one contactor to open the stator windings at 
one point and two contactors to connect the d-c. lines from the 
15-volt generator to the stator when this delta switch is open. 
Each step of resistance with its pair of contactors makes a 
star connection between the three busbars connected to the slip 
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rings on the rotor. Rcsists-ncc is reduced by adding more 
steps in parallel with the first, and the last step is a short-circuit-^ 
ing contactor. There are five steps in accelerating the hoist, 
and four points of dynamic brake control. Each of the accelera¬ 
ting switches except the last is provided with an individual ac¬ 
celerating relay. The panel also has no-voltage relays in the 
a-c. and the 220-volt d-c. circuits, and two overload relays. 

On the lowest floor of the tower is located a barge shifter engine, 
consisting of two drums with clutches and brakes geared to a 
30-h.p. motor. This is controlled by a face-plate reversible 
controller, and the brakes and clutches are hand-operated. 
Ropes pass along the face of the dock and around sheaves and 
are attached to the barge which is being unloaded. 

The beginning of actual operation of this plant was looked 
forward to by its builders with considerable interest and possibly 
some anxiety. The speed was to be 50 per cent higher than had 
been previously used in any a-c. hoist with dynamic braking, 
and there had been rumors that the controller designers had 
encountered some very difficult problems in working out the 
control. When the first a-c. hoists with dynamic braking were 
built in 1909, they required a considerable period of adjusting and 
a number of changes. On account of the higher speed of this 
hoist, and as this control was being developed by another 
company, the builders of the hoist were naturally anxious as to 
the results that might be obtained. 

The control equipment had been checked over by a represen¬ 
tative of the controller company, and on the day that coal was 
to be hoisted he and the writer were present to see what would 
happen. One accelerating relay on the hoist panel required 
a slight adjustment to smooth out a peak which occurred when 
the last contactor closed, and a similar adjustment was made on 
the rack controller. It was not found necessary to make any 
change in the amount of resistance in any of the various steps 
and except for the adjustments mentioned, which required only 
a few minutes’ time, the controller is operating exactly as sent 
from the factory. 

As to the accuracy of control over lowering, it may be sufficient 
to say that the maximum speed is higher than the hoisting speed, 
and the minimum is low enough to land the bucket on the thin 
planking of the river barges without perceptible shock. In 
spite of the wide range in lowering speed, and the small number 
of steps on the dynamic braking control, the handle may safely 
be thrown to the maximum braking position while the bucket is 
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descending at its maximum speed. The use of separate contactors 
for braking permits their accelerating relays to be adjusted so that 
torque on the motor will not be brought above the pull-out point. 

As a result of the exact and accurate control which the operator 
has over the bucket movements, this hoist has shown itself to 
be capable of continued operation on a somewhat shorter cycle 
than was estimated. This is due to a large overlap of hoisting 
and racking movements, and a slightly higher lowering speed. 
While the cycle necessary to make the required capacity was 
50 seconds, the hoists can make trips in 40 seconds. 

A few words in regard to the first application of dynamic 
braking to a-c. hoists on a large scale may be of interest. A 
number of five-ton coal bridges were built by the same company 
about six years ago for several coal docks in Superior, Wis. 
The buckets were larger than any previously used for unloading 
coal from lake boats, and the speeds were higher. The use of 
friction brakes for lowering J:he buckets was found to be the cause 
of considerable expense, not only for replacing the brake lining, 
but also for replacing the brake wheels, drums and shafts which 
were occasionally broken as a result of tr3dng to make too 
quick a stop after attaining an unusually high speed. ^ The 
castings were made heavier, and the new shafts were of nickel- 
steel, but even these could not make the operation satisfactory. 

Regenerative braking was tried, but the speed resulting from 
this was high, and very careful manipulation of the controller 
was necessary. Lowering with the motor on the first point in 
the hoisting direction was naturally found to be extravagant in 
the use of current and hard on the motors. 

It was finally decided to place small motor-generator sets on 
the bridges, to apply low-voltage direct current to the stator 
windings and to change the controllers so as to provide for this 
system of braking. After this new apparatus was installed and 
adjusted, the results were such an improvement in the control 
over bucket and trolley that brake trouble became a thing of 
the past and the output of these bridges reached a point con> 
siderably higher than had been expected. 

Reports have recently been received from one of the companies 
operating these bridges that, after making careftil comparison 
between the records of their a-c. plants and the later ones built 
on d-c. docks, in figuring on new installations they would 
consider an a-c. plant to be equally as desirable as one operating 
on direct current. 
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Discussion on “ Alternating-Current Controllers for 
Steel.Mills ’’ (Simon) and The Alternating-Current 
Coal Hoist (Brown), Pittsburgh, Pa., April 16, 1915, 

Raymond E. Brown: One of the papers presented made men¬ 
tion of the desirability of having motors of a sufficient size to 
operate part of the time at reduced load, to keep the commutator 
in good shape. The desirability of low temperature limits for 
rheostats was also discussed. 

When the mill is buying electrical apparatus, it should be a 
comparatively simple matter to have recommendations like these 
carried out, but it is different with a manufacturer of cranes and 
hoists. He is making machines that contain various amounts 
or electrical apparatus, is obliged to sell against strong com¬ 
petition, and frequently finds, after including in his proposal a 
number of refinements that help to make economical operation 
and low cost of upkeep, that the various bids are merely-reduced 
by the purchaser to a pound price basis and compared from that 
view-point alone. 

Y'ou cannot expect a manufacturer to include in his product, 
whatever it may be, many refinements whose value is not yet 
well recognized by purchasers, unless they effect a saving in the 
balance of the machine or serve to increase its output. 

In the discussion on screw-downs and roll-table drives, it was 
brought out that in some cases a considerable saving in power 
could be effected by using two small motors in place of one large 
one. This hoist, where the load wall coast upward about eight 
feet after power is shut off, may at first glance appear to be 
another place where the same thing would be true, but it is not. 

If the operator shuts off power at the proper time, the kinetic 
energy of the rotating parts, as w^ell as that of the ascending 
load, may be completely utilized in hoisting the load, and the 
brake should be applied only in time to prevent the load from 
starting downward. 

The heavy flywheel effect of the large rotor is also utilized in 
starting to hoist the bucket. The motor during the final closing 
of the bucket reaches a speed high enough so that, as it is slowed 
down by starting the bucket upward, it delivers some of its 
surplus energy and reduces the peak load occurring at the begin¬ 
ning of the hoist, which is ordinarily the maximum. 

Where power is purchased, the rate is often determined by the 
peak load, and consequently there appears to be an economic 
advantage in the use of a single large motor for the hoist where 
there^ is sufficient head room to give the necessary leeway for 
coasting to a stop, even though many other parts of the mill are 
better off with motors having as small a flywheel effect as 
possible. 

M. A. Whiting: ^ Mr. Simon compared the solenoid-operated 
oil switches and air-break switches (or air-break contactors as 
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they are sometimes known). His comparison is entirely favorable 
to the solenoid-operated oil switch. Now, in cases where an 
oil switch is satisfactory, a hand-operated oil switch has many 
advantages over either a solenoid-operated oil switch or an 
air-break contactor. In cases where solenoid operation is re¬ 
quired in any case, the question is one between the design and 
cost of solenoid-operated oil switches and air-break contactors. 
There are certain cases where the air-break contactors are far 
more reliable and are preferred by the trade. Those cases are 
mine hoists and similar classes of work in which the number of 
operations per day is very large. In this case the carbonization 
of the oil is entirely eliminated by the air-break contactors, and 
the contacts are open to inspection at any time, so that wear 
can be more easily kept track of. Furthermore the wear on 
the tips of air-break contactors is in many cases less than the 
wear on the tips of corresponding oil-immersed devices to do 
the same work. This last statement is at variance with com¬ 
monly accepted ideas, but tests have been made which tend to 
show that there is considerable difference in wear of contacts 
in favor of the air-operated contactors, surprising as that may 
seem. I am not prepared to state that that would be universally 
true, but at least there is some tendency in that direction. 

The air-operated contactors as we use them are not to provide 
the ultimate rupturing capacity for a short circuit on the power 
system, but rather as control devices for making frequent 
starts and reversals. The ideal arrangement for such frequent 
operating control equipments is air-break contactors for forward 
and a reverse, with a normal design of oil switch for ultimate 
protection in case of the comparatively infrequent excessive 
overloads or short circuits. 

As to the extent to which air-break contactors have been used, 
I can^say that we have sent out over one hundred equipments, 
meaning over 200 contactors of the air-break type. One such 
pair of contactors is in use in a rolling mill equipment on the 
South Side in Pittsburgh, and a number are in use in this im¬ 
mediate vicinity, at Greensburg, Montour, and elsewhere. 

A direct comparison of the air-break contactors and solenoid- 
operated oil switches for frequent reversing service is afforded 
by the experience on the Rand in South Africa. Complete 
American equipments of hoisting motors and control have been 
shipped within the last half-dozen years. In addition to this, 
since the time when such equipments have been shipped to South 
Africa and put in operation, a large number of orders have been 
received for nothing more than a pair of 2200-volt air-break 
contactors to be used to replace solenoid-operated switches of 
various foreign makes, principally German, I believe, to be used 
with existing secondary controls and existing hoist motors. 
Some minor modifications have developed for use at 3300 volts, 
and a number of such equipments are in use in America. 

The use of such air-break contactors is more general in mine 
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hoisting work than in rolling mill work, because, of course, the 
large 2200-volt induction motors in rolling mill work under 
ordinary conditions are not started and stopped with anything 
like the frequency of the average mine hoist motor. Never¬ 
theless, there have been a few instances, even in rolling mill 
work, where these air-break contactors have been applied 
advantageously. 

J. H. Albrecht: I would like to take exception to the state¬ 
ment Mr. Simon made concerning the accelerating relay as used 
in the secondary or induction motors. The relay he shows in 
his panel in Pig. 7 is the ordinary drop-out U type magnet, and 
we found it to be almost absolutely independent of frequency; 
that is, we can get definite and reliable current settings on the 
relay, independent of the frequency. We can go down as low 
as his cycle and a half, even, without having the operation of 
the relay affected and it does not chatter. 

When you get down to the business of relay acceleration, I 
believe the single-phase relay is the simplest proposition, if you 
can get the relay to work satisfactorily. That type of relay 
on the secondary necessitates a lap of auxiliary contactors or 
butterflies on your secondary contact to provide the necessary 
safety and interlock, and that means a complexity of control 
wiring. If you^ go to the individual three-phase relay in the 
secondary circuit it means a complication of the strap wiring 
and the individual single-phase relay is the simplest, as far as 
connection, and I believe as far as operation is concerned. 

Mr. Whiting is very correct in his statement of the superi¬ 
ority of the air-break switch over the oil switch, and I would 
like to emphasize the point he made about the necessity of 
putting an oil breaker back of your panel of sufficient ultimate 
breaking capacity to take care of any short circuit or any very 
great overloads. ^ We have recently finished some very suc¬ 
cessful tests on air-break switches. We found that our switch 
which will carry 312 amperes will break 600 amperes, and we 
have succeeded in breaking 600 amperes at 5000 volts, 30 per 
cent power factor. You will realize that is a heavy inductive 
load, and the switch has successfully handled that with a, slight 
wear on the contacts. 

^ I believe Mr.^ Simon stated he got 50,000 operations on some 
oil breakers without any excessive deposit of carbon. I 
would like to know whether the figure is not exceptionally high 
for apparatus of that class. Taking the case of mine hoists, 
where the device is operated quite frequently,* we get very 
great smoking of the oil at perhaps three or four day’s opera¬ 
tion, and smoking of the oil of course means carbonization 
and in some cases trouble in a short time. I would like the 
operating men who have had experience with these switches to 
give me an idea what is the average run of the oil in these 
switches. 

R. H. McLain: Jamming ” relays are mentioned, and since 
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does not discuss jamming relays very fully I think 
It would be well to add one point concerning them. I-have 
heard of operators who consider that the jamming relay pre- 

rbh,? the apparatus which was being driven I 

think It would be well to point out that these strains are prevented 

aft Jr I’amming relay operates only 

after the strain has taken place and not before, so it really does 

the strain, it only prevents the continuation nf 

there^hfT'fl jamming relay operates 

there is a flywheel effect in the armature that will ca:^v the 

oisting ropes, etc., for a slight distance further, and nothing 

iVi^J except the give in the apparatus, such as stretch- 

it Is °/ something somewhere. I think 

■ 1 ? advise the use of some kind of a slipping friction 

clutch between the motors and the driven parts where\bsolute 
protection is needed._ There are certainly valuable features in 
connection vnth the jamming relays, because they will prevent 
a continuation of the strain, and still enable the bucket to hold on 
to Its load. If a fnction clutch is used, after the friction clutch slips 
a small aniount, the jamming relay will prevent it slipping 
further, and thereby relieve the friction clutch of any S^Jr 
Consequently the friction clutch will remain in better adjust- 

next tiSe of the operation the 

to current-limiting relays of the individual type for 
each accelerating contactor, I notice that the c\aim is made 
a with these relays an individual adjustment can be made 
to suit the cond^itions desired for accelerating as the various 
contactors are closed. The relay shown in the paper would 
operate as follows: After the first contactor closes, and we are 

P^o^ont the succeeding 

control the circuit before the second contactor closes. In other 
festeJ ™ast beat the second contactor out, it must work 

The current relays shown seemed to be set at successively 
ower valims, that is, the first relay might drop out at 105 

103, the next 102, and so on each seemed to 
set at lower values._ Is it necessary with this kind of relay 

is thrown^L^ft overload 

the V thereby eliminate 

the chance of having a contactor beat out a relay in the suc- 

cW^thafS^J Jf it ™ toJne that The 

JonditiT J Jf ^ adjustments- can be made to , suit the 

reJ?v have fn r T 1® that the adjustmehts 

re^ly have to be made to suit the conditions of the relays- 

that IS, adjusting each one at a successively lower value ^ 

Another point Mr. Simon mentioned, and brought out more 

paper, is the use of d-c. operated contactors on 

. motors. It seems to me that this introduces another link 
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in the chain of things that might happen to prevent the opera¬ 
tion of the coal hoist. He has a low-voltage generator to excite 
the a-c. hoist motor and a high-voltage generator to excite 
the field of this low-voltage generator, and also to supply d.c. 
for operating the contactors. If anything should happen to 
this high-voltage d-c. generator, it would put everything out 
of commission. There would be no power with which to operate 
the coxLtactors, and certainly no power with which to operate the 
dynamic brake. Now, if alternating current were used for the 
contactors they could continue to operate the hoist by means of 
mechanical brakes for lowering for a short time, or at reduced 
output. In that way, there is an additional link in the chain. 

Another advantage of a-c. operating contactors is that no 
complications at all are required to give no-voltage protection. 
For instance, if the a-c. power fails and the d-c. power does not 
fail, and then the a-c. power returns, it is necessary that all the 
contactors should have dropped out and come back in sequence. 
In order to do this with a-c. contactors no extra complications 
are necessary, but with direct current, some extra relays are 
required. 

Another point is the question of using accelerating rheostats 
connected in parallel rather than in series for hoist work: 
The parallel method has the advantage of making it possible 
to use divided circuits and small currents, and therefore the 
contactors can be small and of low cost, but it has this disad¬ 
vantage, that one leg of the rheostat, if called on in an emer¬ 
gency to carry the motor at reduced speed for a considerable time, 
does not have the benefit of the capacity in the other legs to 
help it out; whereas if you had the rheostats in series and cut 
the successive blocks by the contactors, all the capacity of the 
rheostat, all the weight of the iron would be in service when 
running at reduced speed, and this is certainly an advantage 
- in regard to rheostats. 

Another disadvantage is that it takes a pretty good mathe¬ 
matician to adjust rheostats connected in parallel if anything 
goes wrong, whereas when they are connected in series it is 
only a case of sliding a tap and experimenting with each tap 
as, you slide it. 

I certainly think that Mr. Brown’s coal bridge has marked 
quite^ an advance in a-c. coal hoists as to the speed attained, and 
that it is quite remarkable to see how coal bridge builders can 
calculate capacity that they are going to unload, with all the 
variable factors that they encounter. The manufacturer of 
electrical coal hoists has a hard job to predict all of the vari¬ 
able factors which he encounters, the varying shapes of the 
boat, and the uncertain quantity of the human element, and 
he is doing pretty well if he will guarantee some capacity near 
to what is actually required. The temptation of these men 
who want to design reliable apparatus is to guarantee away 
above the capacity, so they will be sure to take account of all 
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these factors, and it indicates a great deal of strill- when they 
don’t have to guarantee away above the requirements in order 
to make sure of meeting all of them. 

W. C. Kennedy: The discussion of Mr. Simon’s paper by 
the last two speakers brings up a point which is of great interest 
to the manufacturer. I refer in particular to the statement 
made that air-break high-tension switches are not circuit breaker 
devices, but that they should be installed in connection witty hand 
operated circuit breakers to take care of emergency conditions. 

That question is not one which pertains to a difference be¬ 
tween high-tension oil switches and high-tension air-break 
switches, but rather is a difference between a magnetically 
operated switching device and a hand-operated or circuit clos¬ 
ing switch. It is impossible to make a magnetically operated 
switch, either direct or alternating current, that will be a good 
circuit breaker to take care of emergency conditions and at 
the same time be a magnetic switch of good design. This is 
true because, in a switch movement operated by a magnet or 
other electrical means, there is a certain amount of inertia in 
the moving parts and also it is not possible to operate this 
switch with as large an air gap as one that is closed by hand. 
For this reason a hand-operated circuit breaker should always 
be installed with etyher d-c. or a-c. equipments to take care of 
emergency short-circuiting conditions. 

.A.nother fact brought out in the paper was the operation of 
the individual series relay system. Probably there may have 
been a inisunderstanding in regard to the arrangement of the 
control circuits which is not entirely clear at first inspection. 
During the ordinary operation of the equipment it is not neces¬ 
sary that the three-phase series-wound relays first open the control 
circuit to their respective switches and then close it again when 
the current in the rotor circuit has dropped to a value dependent 
upon the setting of the relay. Such an arrangement would . 
be absolutely impractical. What actually happens is that the 
contacts on the magnetic switches have a certain lead and the 
series relay actually lifts a very short distance before the con¬ 
trol circuit which it controls is energized. The only function, 
therefore, that the relay is to perform is that of dropping at 
the proper tirne, dependent upon its setting and in dropping 
it closes the circuit to the next succeeding accelerating switch. 

_ The accelerating current curve of the 1000-h.p. motor shows 
distinctly that the dropping points of the various individual 
relays are different for the different switches. This is an ad¬ 
vantage which this system shares in common with the present 
d-c. methods of acceleration, in that it is possible to vary the 
accelerating current during the period of acceleration and 
thereby adapt it to different load conditions. In fact with 
this system of three-phase accelerating relays, it is possible to ob¬ 
tain exactly the same accelerating characteristics as is at present 
obtained with direct current by the use of series, magnetic 
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relay^^ switches or shunt-wound switches controlled by series 

In regard to the parallel connection of resistance it iq 
purely a case of resistance design. Sometimes it is very ad 
yantageous to use parallel connections, at other times it is 
just as advantageous to use series connections. Por examnle 
on motors of very large capacities, it is absolutely necessmv 
to parallel groups of resistance. The main point to be gained 
by the parallel connection of resistance steps is that as more 
accelerating steps are cut into circuit, the amount of available 
resistance material from which heat can be radiated is in¬ 
creased, whereas just the opposite is true where the resistance 
is connected in series. 

On the other ha.nd, for purposes of speed control, such es 
for exarnple, on a large motor where a slip regulating resistance 
is used, it is more advantageous to connect the resistance steps 
in series. Individual groups may be connected in parallel, but 
the resistance itself is in principle a series connection. If it 
is desired to run with 10 per cent slip on a motor with full 
load current, then the slip regulating resistance must dissipate 
approximately 10 per cent of the full load capacity of the 
motor; whereas, if 5 per cent slip is desired, then the resistance 
must dissipate only 5 per cent of the energy. It will readily 
be seen that in the second case only one-half as much resist¬ 
ance material is required as in the first case, therefore a series 
connection of resistance is more advantageous. 

With a-c. work there is another point to be gained with a 
series connection of resistance. The series arrangement is very 
much easier to adjust than parallel connection, especially where 
resistance in three phases of the rotor must be considered. 
This is so apparent in some classes of work, especially hoisting 
service, that the hoist manufacturers almost invariably specify 
that the accelerating switches must be made of the proper 
capacity for a series connection of resistance. This necessarily 
increases the cost of the equipment, but adds to the simplicity 
of adjustment. 

C. D. Knight: I desire to add a few words with reference 
to the oil- and air-break contactor situation. There is no doubt 
each of them has a very decided field, but where frequent 
operation is required the air-break type is the only one which 
can be successfully used. 

I know of one installation consisting of a 2300-volt, 1000-h.p. 
motor, which had two reversing contactors in oil, the duty cycle 
being so heavy that the oil was continually becoming carbon¬ 
ized, which necessitated its replacement so frequently as to 
require one barrel of oil a week. These contactors were re¬ 
placed with those of the air-break type, and apart from the 
occasional replacement of contactor tips, the maintenance 
charges have been practically nil. 

I also have a record of a test made on a contactor immersed 
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in oil, which was operated at 5000 volts, opening 50 amperes. 
At the end of three thousand operations, the oil, which was in 
a perfect state at the beginning of the test, presented a very 
■ thick, muddy appearance, and was unfit for further use. Where 
the duty cycle amounts in a mine to twelve or fifteen hundred 
operations a day, it can readily be seen that the above test 
represents about a two-day run for the contactors. 

I wish also to make a few remarks with reference to the 
question of standardization. Mr. Pauly gave some figures, 
representing the various combinations which could be obtained 
with motors. In the case of the alternating current, his esti¬ 
mate ran up to from 7500 to 8000, due to the different voltages, 
frequencies and phases. In the case of magnetic control con¬ 
tactors those containing the same magnetic circuits, blow-out coils 
and contacts can be used for applications of a given current 
value. A different operating coil, however, must be designed 
for each voltage and frequency, which naturally runs into a 
great number of combinations. 

We are all very optimistic regarding the future use of alternat¬ 
ing current in steel mills, and I believe if we could standardize 
on three-phase, 2o cycles I will say nothing at present about 
the voltage—we could simplify matters considerably. 

W. F. Detwiler: I would like to hear from the manufacturers 
whether they have developed an automatic relay for protecting 
a two-phase or three-phase motor from operating on single¬ 
phase. Is there anything in that line that we can depend upon? 

J. H. Albrecht: We have had several requests for a device 
of that kind, and while there are certain schemes,—one notably, 
a German scheme, involving four or five different relays,—we 
have yet to find a satisfactory solution for that proposition. I 
do not believe there is a satisfactory solution right now to prevent 
a motor from running single-phase; at least, I have never seen it, 
and I do not believe there is any in operation. 

In regard to Mr. Kennedy’s statement about using switches 
for circuit breakers, we do not advise using them for circuit 
breakers, of course. I have made interesting tests recently on 
d-c. contactors, and I have oscillograms showing a d-c. contactor 
opening a short circuit on a 500-volt power line, showing a peak 
of 60,000 amperes, at which point the oscillogram went off the 
scale. Out of respect to our power superintendent we cut the 
current in the next operation to 45,000 amperes, and then we 
reached the process at 30,000 amperes, and the contact was still 
partially there. That is an exceptional case, but shows what 
a -c. contactor will do when it has to do it. On alternating 
current it would be a different proposition. 

C. D. Knight. I wish to state that there will soon be a relav 
on the market to prevent motors running single-nhase 
W. O. Oschmann: There is a certain field in which the sole¬ 
noid-operated switch IS preferable to the air-break contactor, 
lake cases where you have only twenty or thirty operations in a 
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d.a.y s time and. still expect some time to liave reversing service 
on the motor, by the use of the air-break contactor you find it 
necessary to complicate your control circuit to the extent of 
providing sonie method of preventing the reversing contactor 
from coming in before the arc is interrupted on the contactor 
going out. We had a case where the arc held to such an extent 
that the inconiing contactor closed before the arc was interrupted 
on ^ the outgoing contactor, thereby producing a short circuit 
which not only burned the contactor, but also stopped all the 
synchronous apparatus on the system. The ordinary electrical 
interlock does not prevent the above trouble. 

We eliminated the short circuit troubles by placing a small 
transformer across the motor circuit; the secondary of this trans¬ 
former operates a small contactor which controls the circuit of 
the iricoming contactor. It is evident that solenoid-operated 
oil switches would have avoided this complication. 

I notice in Mr. Simon’s paper that he uses a triple-pole con¬ 
tactor of the air-break type. We have found that these triple¬ 
pole contactors invariably break the arc on two poles only. 
Practically at no time will there be an arc on the three poles, 
therefore it seems a needless complication to use the additional 
pole, unless it is to take care of the voltage on the motor when the 
contactor is out, and this should be taken care of by an oil switch. 

Regarding the question of primary relays versus secondary 
relays, I agree with Mr. Albrecht that a single-phase secondary 
relay is in a great many cases better than the three-phase relay. 
I note the statement made by Mr. Simon relating to the use of 
current transformers for large secondary relays. It does not seem 
as if this would be as good as the use of a single-phase relay in the 
secondary, at least two series transformers would be required 
and with the very low frequencies very large, bulky series trans¬ 
formers would be needed. 

Graham Bright: I would like to make a few remarks re¬ 
garding the interlock on air-break switches. I have had some 
experience in operating a hoist in which reversal was very quick, 
and, as has been mentioned, the arc sometimes holds long enough, 
where we have mechanical interlocking, to allow the other 
reverse switch to come in before the current is actually broken. 
That has occurred in a hoist where plugging was used to stop the 
hoist, and about once in every two thousand operations this 
short-circuiting took place. Of course, the voltage on the line 
dropped, which immediately robbed the motor of its torque, and 
only by the agility of the operator jumping on his foot brake was 
the cage prevented from causing a serious wreck. That was 
naturally trying on the nerves of the operator. I believe one 
method of prevention is to put an electrical interlock on reveme 
switches, which does not permit of the reverse switch starting 
in until the current is broken. 

By electrical interlock I mean the true electrical interlock 
which depends solely on the current dying down to zero before 
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the reverse switch can come in and not the so-called electrical 
interlock which depends upon the movement of fingers over 
plates making or breaking contact. 

Mr. ‘Brown made a statement I would like to take issue with, 
in regard to the weights and the inertia of the armature. He 
seemed to think it did not make much difference whether the 
armature was large with a great deal of inertia or small with little 
inertia. Heavy armature with high inertia will mean a slow 
rate of acceleration and retardation with a corresponding decrease 
m schedule speed. Light armatures with small radii of gyration 
will permit of quick acceleration and quick retardation, which in 
turn increases the schedule speed when the maximum speed is 
fixed. There is no question but that the rotating parts of the 
motor should have as low inertia as possible to keep down peak 
lo^s, and to keep the schedule as high as possible. 

He mentioned a geared limiting switch used for stopping a 
fioi^ in case the operator went to sleep. Sometimes in hoists 
we have plenty of room above the dumping position so that in 
case the power is not thrown off at the proper time, the geared 
limiting ^itch, if placed in the circuit, will take care of the stop 

other hand, there are a number of installations 
wnicfinave been equipped without this point in view, in which the 
ead sheaves are only a short distance above the dumping pOwSi- 
_ion. it we arrive at the dumping position at full speed there 

stop. If you apply the brakes you are too close 
o e head sheaves to stop and a geared limit switch under those 
circumstances IS useless. You must produce some kind of a 
ow-down, and that has been accomplished in some" coal hoists 
y Q-fiy ball governor arrangement which works out very nicely, 
geared limit switch is therefore in manv cases of no value unless 
a positive slow-down is also provided. 

^ 'to say, as far as I know, that electrical 
mterlocks usually are used between these high-voltage air- 

those I am acquainted with. 

n-nZ - ’ The point Mr. Bright referred to was the 

®lfctncal interlock with the relay. We have an 

to be held up by a series coil, and 
with the line contactor relay and will 

current extinguished and the 

willSrl^n^ ? to zero in the working of the motor, this relay 
riarl^ and not permit the other switch to be energized. 

concerm-T^’ Considerable discussion 

concerning accelerating relays in the secondary control Mv 

oS thin?I W ®“gl®-Pol® r®lay. There 5 

low snepH tVio f noticed. At the start, when the motor is at 
P , the frequency will be high enough to get verv vond 

Batches close so that the last 

the low sneed Tt' as coinpared with the switches on 

tne low speed. It occurred to me that the reason we have good 
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operation with a single-pole relay is because it is not of much 
use when the motor is nearly up to speed. While the three- 
pole relay is theoretically good, the single-pole relay serves 
the purpose because of that fact. 

Speaking of the use of either the contactor or the circuit 
breaker, of course if you use contactors you will need the cir¬ 
cuit breaker. If you can combine the two you save that much 
in first cost, but there may be added complication to your system. 
Where it is possible to use a circuit breaker, I have found it 
good practise to do so. The service I have in mind is not partic¬ 
ularly severe, so that the carbonization of the oil is not the 
limiting feature at all. 

W. T. Snyder: There is one point I want to mention about 
the open face controllers and starting contactors. As we know, 
they are now in disrepute in the steel mills on account of a 
certain amount of danger even on the low-voltage starters, 
not so much from shock, as from flashes and burns. The manu¬ 
facturers have recognized this and have started to provide 
covers for them. 

I noticed in one of the switches shown by Mr. Simon there 
is no method of providing for lowering the oil tanks. That 
becomes quite a problem on the large size switches, containing 
several gallons of oil, located back in the switch cell—^it is hard 
to get a couple of men around them to lift them ^own. It is 
a job to lower them, either to replenish the oil or to make ad¬ 
justments to the contact. On our high-tension oil switches 
which have the oil tanks hanging underneath, we put a drain 
cock on the bottom. We first drain all the oil into a vessel 
and then it is easy to remove the tank. 

Mr. Simon says: '' The resistance has to be designed with 
a considerably heavier capacity, and in some cases requires 
even continuous carrying capacity on all points. ” It is not 
clear to me whether or not he means full load carrying ca¬ 
pacity , but if that is his meaning, his ideas conform to my own 
along that line. 

In regard to the coal hoist referred to in Mr. Brown’s paper, 

I was wondering why he had two small generators to supply 
exciting current to his contactors and the fields of the other 
small generator, why one was not enough. I imagine it is be¬ 
cause he would have a factor of safety of two. 

E. S. Zuck: I think I can answer the question Mr. Snyder 
raised about the two generators. The characteristics of the 
a-c. hoist motor were such that it required about 18 volts to 
furnish the necessary excitation current. The other machine, 
the 22G-volt machine,^ was for operating the solenoid magnet! 
It is out of the question to operate the solenoid magnet from 
a machine having 18 volts. 

Mr. Brown makes a statement that in the case of a hoist 
the material to be handled is unlimited. This may be the 
case in a great many instances^ but if I remember correctly 
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the motor manufacturers were advised in this case that the 
capacity of the tower was limited by the crushing machinery 
and the capacity of the hopper. I believe after one hour's 
operation, starting with the empty hopper, the hopper would 
have been filled, even with the crushing machinery in opera¬ 
tion, so that would have limited the capacity of the hoist. 

The question of dynamic brake control for towers of this kind 
is one which has been successfully worked out in several cases 
and this is a notable one. I worked out the dynamic braking 
problem, and using d-c. motors the problem is somewhat simpler. 
The characteristics of the d-c. motor are pretty well known 
and for different motors are more or less the same. When you 
come to a-c. motors the characteristics are not likely to*^ be 
the same at all. Each case requires careful consideration bv 
itself. 


In this present case in the scheme of control used, the excit¬ 
ing current is not varied, there is a constant excitation on the 
motor used, and the control is obtained by varying the re¬ 
sistance. In this case I would like to call attention to the fact 
that the motor manufacturers gave values for the amount of 
magnetic resistance to be used in the rotor circuit, and so far 
as I know those were not changed by the control manufacturers. 

Another point which may be brought out is that there is 
always a certain amount of resistance left in the rotor circuit 
and that the rotor circuit cannot be short-circuited when lower- 
mg under dynamic control. There is a definite, limit beyond 
which you cannot go without running risk of losing control 
and dropping the bucket. 


W. T. Snyder: The gentleman did not get my question 
correctly. Mr Brown said: “A small motor-generator set is 
mcated- m each half of the engine room, supplying 220 volts 
d-c. from a 6-kw. shunt-wound generator for the coils of the 
contactors on the hoist and rack controllers.” I take it from 
that that he has two of the generators, one on each half of the 

hoist,- and I was wondering, if that is the case, why he had 
two of them. ^ 

fu generator is a 220-volt machine, while 

the other is an 18-volt machine. The 18-volt machine sup¬ 
plies excitation for the a-c. hoisting motor, while the 220-volt 
machine sup:^ies the current to operate the contactor. 

aymond E. Brown: There are two motor-generator sets 
one on each side of the plant. In the motor-generator set are 
a motor and two generators. This seems like a useless duolicL- 
material, but m the design of this hoist the idea carried 
out throughout was to have two completely independent's 
either of winch could operate all of the devices. Slferwas 
earned out from the point where the wires entered the build 
mg We sep^ated everything on the first floor into two cir¬ 
cuits, everything being separated from that point up This 
was done to make economical plant for opSLn'on M 
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capacity, as well as to prevent the breakdown in any one piece 
of apparatus being able to shut down the entire plant. 

E. Stoltz: Mr. Lankton brought out the point of the 
relative action of the relay at different frequencies. There 
might be something else besides the frequency in the secondary 
that affected its action. In starting up a rolling mill, the bear¬ 
ings are sometimes tight and the relays are probably adjusted 
to take care of a rather heavy starting condition. As the mill 
is brought up to speed the bearings gain their lubrication, so 
that the mill accelerates much more rapidly as it approaches 
full speed. This mill may have been at practically full speed 
before the last contactors had time to come in. * 

There has been considerable discussion of oil breakers, par¬ 
ticularly those shown on the lantern slide by Mr. Simon, which 
are used on rolling mill drive. I believe he explained that this 
breaker was used on a 1000-h.p. rolling mill. We are coming 
to that in the application of hoists. Of course, the circuit 
breaker and contactor both have their own line of application. 
The mechanical construction of the oil breaker is not adapted 
for frequent closing. In rolling mills where the starting and 
stopping only takes place a few times a day, naturally the oil- 
breaker can withstand such service. But if it is necessary to 
run the mill back and forth, it is severe on the breaker, and it 
is necessary to put in an air breaker to take care of that condition. 

W. O. Lum: Mr. Simon showed the position of the oil 
breakers as one for forward, another for reversing, and still 
a third for applying the direct current for braking. He also 
brought up the fact that this installation was made practically 
five years ago, and naturally cannot be fairly compared to 
present practise. Since that time it has been practically adopted 
as standard to plug the motor; in other words, reverse it, in 
order to bring it to rest, instead of applying d-c. voltage. Direct- 
current voltage for braking has worked out very successfully 
on the hoist that Mr. Brown has described, but other cases 
of application require study, as there are certain stresses set 
up by the direct current which we were not fully aware of in 
rolling mill practise. 

Mr. McLain brought out a point in reference to added com¬ 
plication by using d-c. operated 220-volt switches on the^ hoist 
Mr. Brown described. I doubt very much if the addition of 
the 220-volts, and this other unit that generates the power, 
will cause failure or shut down any more frequently than if 
those switches were operated from the alternating current which 
is supplied to the motor. Direct-current operated switches 
are better developed and have been in the field a greater number 
of years than a-c. operated switches, so that we can depend on 
them to a greater extent. 

As to the application of the bridge or coal unloader, there 
is no' doubt but what that will give fewer interruptions with 
the d-c. than with the a-c. operated switches. I have in mind 
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one case where an atterapt was made to install a full automatic 
a-c. hoist. I do not think its success has been nearly so great 
as it would have been if the switches had been operated by 
direct current. 


C. D. Knight: I do not mean to state that alternating 
current is as flexible as direct current for all applications, but 
I do say that a-c. contactors as manufactured today are just 
as reliable as d-c. contactors. 

W. O. Oschmann: Last year at the Detroit Convention a 
description of a six-speed concatenated a-c. motor was pre¬ 
sented. This control has seven triple-pole low-voltage contac¬ 
tors, one double-pole low-voltage contactor, two triple-pole 
high-voltage contactors and two single-pole low-voltage con¬ 
tactors. The oil^ switch equipment consists of one triple-pole 
circuit breaker, six hand-operated triple-pole single-throw oil 
switches and one double-pole single-throw oil switch. It is 
quite a complicated control. It has been in operation about 
two years, and in that time has developed very little trouble 
the most serious interruption being due to a broken control 
wire, which delayed the mill a short time. This outfit is not 
handled by an electrical man. The engineer operating a Corliss 

nnd stops the electric- 
ally-dnven mill; he also manipulates the oil switches to secure the 
vanous speeds desired at the mill rolls. In the time that this 
plant has been in operation it has dearly shown that if the 
interlocks and control equipment are taken care of in a manner 
^milar to d-c. apparatus, the results will be equally as reliable. 
The contactors and interlocks are examined each week, cleaned, 
and kept in good repair, the whole equipment is cleaned by 
compressed air each week, and the results obtained on this 
mill indicate that the reliability of a-c. control equipment is 

as good as the d-c. equipment, even if the a-c. equipment is 
more complicated. 

G. E. Stoltz: I ask if the control on a rolling mill is not 

probably started more than once an hour^ in other words is 

not the operation of the switches about five per cent what it 

would be in the case of hoisting operations carried on contin¬ 
uously? 


W. O. Oschmann: The operation of a mill depends greatlv 
on whether there is trouble at the rolls. There have been cases 
where this mill has started and stopped repeatedly for several 
hours, also it has been maintained at a very low rate of sneed 

^ ordinary operation the mill may 

start and stop four or five times a day. At other times it may 

have four or five starts and stops in two or three minutes time^ 
It IS a rolling mill proposition. 

wr ^ is hardly any comparison with a hoist 

compared with a hoist. 
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JSSer'thM “Itonating cmrenl 

Mr. Oschmann made the remark that in opening a three- 

<ipe to some 

thit question in my mind 

tnat a three-pole contactor would be better for onenin? a three- 
phase circuit than a double-pole. opening a rnree 

th^'tb^' lu I say 

be nn antff P°^®® may 

Dart nf Pol®s. It seems to depend on what 

eori possible the current is passing through 

zero on one of these poles? ^ 

Possibly that is the reason. 

’ • i- ^ heen much interested in Mr. Brown’s 

e-sene^en^^^ ° tinloading tower, as I had considerable 

®°“® ^-o- dynamic braking 
wal handling bridges. On these bridges the controllers and 
motor-generators very much resembled those described by Mr. 
arown, except that no separate contactors were provided for 

consequently the control when lowering 
^,-.,. 1 ^ 99 /^ P^f, S'Oourate. These bridges were provided 

220-volt,_ 25-cycle mill motors and it was our endeavor to 

w-if equivalent of a d-c. outfit as 

s possible. We found, for instance, that owing to the poor 

motor for trolley service it was neces- 

what trolley motors considerably over 

_ lat would be required for direct current. The cost was con- 

si era y greater than that for a d-c. equipment of equal ca- 

estimated roughly that it would have cost but 

LrZr dollars more to install a synchronous con- 

nS 2 Li control, however, was not 

ne^ssary, the a-c. system was probably preferable in this case. 

The question of cost in plants of this nature is one over which 

there is sometimes considerable confusion. For instance a 

aM equipped with expensive mill motors 

provided with a substation are often compared as to cost 
with a-c machines which are operated by the ordinary open type 
of wound-rotor induction motor, which is hardly fair to the dS. 
system In a plant such as Mr. Brown describes, however 
where the peak loads are very high and a substation would have 
to be quite large m comparison with the mean current used 
^ wf current is undoubtedly a very attractive proposition! 

that the single hoist motor 
with clutches is cheaper than the type of hoist in which each of 

drums is operated by a separate motor and 
roller, yet it would hardly seem possible that operation by 
means of clutches can be faster and less complicated than where 
independent motors are used. In the former system there are 
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two master controllers and four air valves to be handled, while 
with the latter scheme, in which solenoid brakes are mounted 
on the motor shafts, there are three master controllers and one 
air valve to be manipulated, making two less pieces of apparatus. 
Moreover, with the independent drum arrangement each mechan¬ 
ism is reduced to its simplest elements, A e., a drum, the necessary 
gear reduction, a motor and a solenoid brake. The wear on the 
latter is quite slight if the dynamic braking is effective. The 
independent drum drive, however, is certainly more expensive in 
first cost, and therefore in certain cases it is undoubtedly better 
engineering to install the clutch system. 

Arthur Simon: Mr. Whiting compares the oil-break switch 
with the air-break swite'h, and says that the air-break switch 
is more reliable. I think that Mr. Whiting has compared his 
newest air-break switch with the oil-break switch which he 
discarded, because as I pointed out in my paper, there is one 
oil-break switch operating on a rolling mill which operated 
50,000 times with the oil just as clear, apparently, at the end as 
it was when it was put in. I also know of a large installation 
that has an oil-break switch which has been in service for 
several years, and the oil in one instance was not renewed for one 
and a half years. Of course, it is necessary once in a while to 
replenish the oil. 

As far as inspection is concerned, I do not believe that any 
operator would stick his nose into the air-break switch while it 
is operating. In such case you have to open your circuit-breaker, 
and you may just as well lower the oil tank and look at the con¬ 
tacts. There is no doubt that the contacts of the air-break 
switch must have more metal than the contact of the oil-break 
switch, and as that is copper, it is more expensive and the weight 
of material is greater. If the oil switch, on the other hand, is 
properly constructed there is practically no spilling of the oil, 
so that the replacing of the oil is a small item, provided the 
switch is constructed so that the carbon deposits settling on the 
bottom are not stirred up every time the switch operates. 

Mr. Albrecht spoke of the relative value of the three-phase 
and single-phase relays in the secondary circuit, if I understood 
his remarks right. I pointed out in the paper, or tried to point 
out, that the three-phase relay, because it gives a constant pull 
for a constant effective current, is independent of the frequency. 
On the other hand, it is not possible to get a constant pull on the 
single-phase relay, because it is not possible to get phase dis¬ 
placement of 90 degrees between the fiux interlinked with the 
main coil and shading coil. Therefore, there is a pumping action 
when the frequency in the secondary is low. 

One of the speakers mentioned a particular installation where 
the acceleration was very rapid towards the end, when the motor 
was at high speed. I believe that is due to this cause—if relays 
of the single-phase type were employed this could not be avoided 
by any adjustment, because an adjustment which is correct for 
high frequency is not correct for low frequency. 
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Mr. McLain said the jamming relay did not prevent strain on 
the operating parts. He modified that and said it would prevent 
the strain only in a degree. If that degree is sufficient fhp 
jamming relay, does all it is intended for. If you use several 
jamming relays, you can prevent any serious strain on the parts. 
There are certain installations where the jamming relay per¬ 
forms another purpose, take the electric shovel and other similar 
installations like that. It is possible for the shovel to strike 
solid rock while the motor is running at full speed. Then the 
motor would be stalled with the resistance short-circuited and 
the^ torque which developed at that point would probably not 
be in excess of the normally rated torque of the motor. If we 
have a slip clutch only and no jamming relays, the clutch will 
slip while the motor is slowing down, and will hold on again as 
the motor reaches lower speed and the torque is decreased again. 
The jamming relay prevents the motor from going beyond the 
breaking-down point. That is an important application of the 
jamming relay, and as far as I know, the jamming relay is the 
only device that will do that. We have slip clutches on that 
installation, also. 

I think Mr. McLain has misunderstood the connections of the 
three-phase relay. That relay, as Mr. Kennedy has pointed out, 
does not need to beat the switch which it controls. That the cur¬ 
rent peaks on the 1000-h.p. motor which I show are decreasing 
is merely accidental. As a matter of fact, the last peak, as I 
remember is the second highest of the whole cycle. The ad¬ 
vantage of the individual series relay is, as I pointed out, the 
adjustment of the various relays for different torques. In 
most cases we adjust them for increased torque, increasing torque 
with the motor speed on centrifugal pumps, and also on excavat¬ 
ing machinery. This particular instance was exceptional. 
Furthermore, the relays are not energized when the primary 
circuit of the motor is closed. They are energised in succession 
as the different clappers are cut out and the resistance decreases. 
That is clearly shown in diagram Fig. 13. 

Mr. McLain also criticised the use of d-c. contactors on coal 
bridges wdiere d-c. is used for dynamic breaking, on the ground 
that it would add to the number of links which might stop the 
equipment. The most important thing on the hoist is to prevent 
the load from overhauling the motor, in other words, to prevent 
the bucket from dropping. That is the reason why we put in 
direct current for dynamic breaking. We would rather have the 
equipment stop with our d-c. supply, than to have it go on and 
hoist and give us no indication that we cannot lower our load 
with safety. So that the use of d-c. contactors in that particular 
instance; I believe, is an additional safety rather than a weakness 
in the method of control. 

Mr. ■ Knight has mentioned that a phase failure relay will be 
put on the market soon., There is one on the market already, 
which prevents not only failure of phase, both during running and 
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during the standing still of the motor, but also protects against 
phase reversal. 

IVIr. Knight further says that the oil-type switch is a good one 
where infrequent operation is encountered. I have given some 
data referring to frequent operation of oil switches. 

mentioned something about standardization. 
That brings me to a subject which I have had in mind for 
many years, but I always ran against a stone wall. That is at 
least the approximate standardization of secondarv currents and 
voltages The operating men here know that whin they ik fo? 

a control equipment for an a-c. motor they always have to specify 

the secondary current limitations. If our motor friends could 
get together and standardize secondary voltages within certain 
limits—we nave to allow some leeway to the designer—matters 

^ good deal, I believe. I have made an attempt 
in that direction on various occasions, as long ago as ten years, 
j^t nothing ever came out of it. Perhaps I was wrong in my 

_ Mr. Oschrnann spoke of the expensive current transformer 
in the secondary circuit. As a matter of fact, while it is pos¬ 
sible to use a transformer in a secondary circuit, we have not 
yet encountered any case where we had to actually use it. It 
was always possible to_ get a series relay directly into the second¬ 
ary circuit, and this is much more desirable, because a relay 
on ordinary accelerating service always forms neutral form of 

the resistance, and therefore has, when it is in circuit, practically 

no voltage to ground. As regards the bulkiness of the trans- 

ormers, they would mostly run at low frequency, and the iron 
induction can be high. 

President Lincoln also mentioned the use of single-phase 
secondary relays in contrast with three-phase relays. I have 
answered that point. It is significant that in some installations 
where single-phase series relays were used for all of the acceler- 
ating points, it was found necessary to use three-phase relays 
lor the last step, which supports the point I make in regard to 
the frequency affecting the sensitiveness. 

Mr Snyder mentioned some means for lowering the tank 
used for the oil switches. I believe that most of the oil switches 
ot medium and large capacity today are equipped with such 
lowering gear, at least they ought to be. 

When I spoke of the capacity of resistance in the particular 

case, which Mr Snyder mentioned, I contrasted the reversible 

SsSnrI h«f t regulator with the non-reversing starter. The 

?if A taking into con- 

sid^ation the duty cycle, as it is done on direct current. 

Mr. Stoltz also spoke about the oil breaker not being adapted 
ter frequent closing. I have answered that point. 

regard to the plugging of the motor for quick stopping 

teoT han^rf' °P®^^tor throws hifeoS 

handle over to full speed, reverse, and then' leaves the 
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tTsame trlhT’.. “°tor. We have 

by Tc rnlTS r=- S'"®’ 'dynamic braking 

Sen 'aneHfiprlSvSf^ noticed lately that it hai 
latiS I f the particular instal- 

oneratinv mpu years old, there seem to be some 

p-j^g ^ ^ ^ believe in that method of motor stop- 

ohi mot?fr ^pTr°^^ three-pole switch for opening a three- 
seems Z it has been mentioned. It 

switoli fn-r ^^+ 15 *^° more reason for using a triple-pole 

a douhll nnlp a^three-phase motor than there is for using 
a double-pole contactor for opening the circuit of a d-c. motor 

case°o/dii^PPt ^ “^tactor _only on one side of the line in the 
if wp c ^®t the same factor of safety 

SrT Plrpf,,> contactor on a three-phase or three- 

' QuesS^°^S?‘ introduced the 

question of the advisability of using series or parallel grouping 

hi additional steps in parallel 

or by cutting out the steps in senes, I thought possibly we would 

pfjic ^se of these two methods in different 

K -Z equipment for about fifty coal and ore hand- 

m S bndges m the last ten years, our firm has been interested 
in trying to find out why the resistance varies so much in dif- 
lerent cases. We are very much interested in the weight of 
the equipment, as in designing a trolley bridge the weight of 

equipment on the trolley is an important factor 
nf weight of the bridge and its cost. Each pound 

of additional weight in the trolley means three pounds of ad- 
ditional weight in providing the span. 

fh» ® f unable to find any real uniformity in 

the weight of resistance in consecutive jobs of about the same 
size and voltage. Manufacturers .seem to vary this a great 
_ eal, and one time will offer a control, with resistances grouped 

m senes, and another time in parallel, with a wide variation 
in the weights. 

Referring to the question brought up this morning about the 
material lor the bridge, I hoped to hear some one speak of the 
new matenal which was recently called to our attention in 
tne shape of an alloy which is rolled or drawn into the girders. 
According to the claims of the manufacturer, it will do awav 
with most of the disadvantages of cast iron. It is lighter, and 
le material for the entire drum could be one continuous piece, 
no joints between the separate bridges, merely doubling on 
Itself and bending around the mounting rope. Outside of the 
circular and one visit of their representative we know nothing 

about that, and there may be other reasons why it is not being 
considered. 

It is usual for steel mills to say they will use resistances with 
a nse of temperature of 100 degrees or 200 degrees, or any 
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other amount you choose; but the poor manufacturer who is 
designing the machinery to be sold on a competitive basis has 
to deal with the purchasing agent, who very frequently tabulates 
his bid on the basis of total weight and total price, and appar¬ 
ently decides them on the basis of price per pound. Under 
these circumstances it is hard for the crane or bridge manufac¬ 
turer to introduce many refinements which would be undoubted¬ 
ly of great advantage to the operator if they were installed. 
Many times we find after the machine has been in operation 
for some time that these refinements are put in by the users 
of the machinery, whereas we were unable to obtain any recog¬ 
nition of their value when the machine was first supplied. 

With reference to the criticisms abnut my statement as to 
the advisability of a large motor for hoisting, the statement 
made by Mr. Bright would be correct on a hoist where the lift 
was low, and the time of hoisting was small in comparison with 
the time for closing. In the particular hoist described, the 
height of hoist is 90 ft., and as we were able to design it with a 
large leeway at the top, the operator was able to let the load 
coast to a stop in the majority of cases. 

With reference to the question of limiting switches, and the 
advisability of using the geared limiting switch, it seems 
to me that the desirability of the geared limiting switch as 
against one operated by the load itself depends, to some extent, 
on the organization of the mill. In the particular hoist I 
described, it is cared for by one department which operates 
and repairs it. In other mills the crane is operated by one 
department and repaired by another. I think in the case of 
a bridge or hoist it is entirely possible that one department 
will replace the ropes, while the geared limiting switch, being an 
electrical device, is outside of their jurisdiction, and consequently 
is not changed. We know of cases where a new rope was put 
on a bridge, the geared limiting switch not changed. The new 
operator coming on the next shift knows nothing of the change 
having been made, and proceeds to hoist the bucket into the 
drum. In the case where the repairing is done by one depart¬ 
ment, and the operating done, by another department, the 
geared limiting switch does not appear to be desirable, but the 
style of limiting switch operated by the dump or skip should 
be used. 
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HOW BELL INVENTED THE TELEPHONE 


BY THOMAS A. WATSON 


IT IS my privilege and pleasure to speak to you of the 

myention of the telephone, with which event it was mv 

good fortune to be connected, my association with Prof Bell 

as his mechamcai expert having brought me into cSftonch 

With nearly all his expenments both before and after his vreat 
discovery. & ^ 

^ I shall try to tell the story as it impressed itself on my mind 
in those early days when I was a young man of about 20 iust 
out of my apprenticeship as a maker of electrical apparatus 
intensely interested in my work, and with a full share of youthful’ 
enthusiasm. In my story, I shall not use the terms and for¬ 
mulas of modern telephony, for they would certainly be out of 
place in speaking of the time when that science, now so com- 
plex, was contained in one human brain. 

It was in the year 1875 that the telephone emerged from 
the mists^ of the unknown into a world that had no dynamos, 
no electric motors, no trolley cars, no storage batteries, no 
electric lights, no wireless telegraphs, no steam turbines', no 
gas engines, no automobiles, and no professional electrical en¬ 
gineers, for none of our universities had up to that time offered 
to their students electrical courses. 

Those men we all revere—Davy, Faraday, Henry, Volta, 
Oersted, Ohm, Maxwell, Thomson, and others, had already 
laid the deep and sure foundations on which modern electrical 
practise has been built, but apart from the telegraph, electricity, 
as a practical utility, had scarcely entered the daily life of man. 

In 1874 in place of the great electrical manufacturing es¬ 
tablishments of the present day, there were a few crude little 
work shops scattered throughout the country, eking out a pre¬ 
carious existence chiefly by making telegraph instruments, 
school apparatus, call bells, annunciators, etc., and also experi¬ 
mental apparatus for the many inventors who utilized the 
meagre facilities of those shops to put into practical shape 
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their electrical projects. This was an important feature of the 

electrical activities of that time, for although the work of these 

men was for the most part obscure and unfruitful, they were 

undoubtedly the leaders in the great awakening to the practi- 

cal_ possibilities of. electricity that began about the time of 

which I am to speak, and which has since then produced such 
tremendous results. 

In 1874 I was employed as a mechanician in one of the most 
important of these shops in the United States. It was- in 
Boston, owned and operated by Charles Williams, trained as 
an apprentice of that famous electric antique, Daniel Davis. 
Williams, when he was very busy, employed about fifty men, 
but while I was with him his works seldom ran at more than 
fifty per cent of their normal capacity. His tools were almost 
entirely hand lathes. His shop possessed no milling nor screw 
machine nor had it even a metal planer. Practically all his 
work was done on hand lathes or with the vise and file. He 
had one 16-inch engine lathe, to operate which was the highest 
earthly aspiration of his apprentices. It wasn’t in good con¬ 
dition, for one of the boys had run a boring tool into the hole 
m the spindle so the live center wiggled badly, but we managed 

to do some rather difficult and accurate work on it in spite of 
its defects. 

Into Williams’s dismal and poorly equipped shop Alexander 
Graham Bell came, in the year 1874, to get his “harmonic tele- 
paph” invention put into practical shape. J. B. Stearns had 
just then perfected the “ duplex telegraph ” which would send 
two messages simultaneously over a single wire. Prof. Bell 
was sure his invention would send at least six or eight. My 
work at W^illiams s at that time had become largely making 
experimental apparatus for inventors and I am glad to say 
that Prof. Bell’s work was assigned to me. 

Prof. Bell was very enthusiastic over the possibilities of his 
telegraph on which he had been studying ever since his arrival 
in the United States in 1872. Its operation depended, as you 
know, on the fact that a stretched string or a tuned reed will 
be set intowibration when impelled by a succession of impulses 
corresponding in number per second to its pitch. Here is one 
of Bell’s telegraph receivers. It is a simple electromagnet 
with a strip of steel clamped to one of its poles, having the 
other end of the strip free to vibrate over the other pole. The 
transmitter had the same parts with the addition of contact 
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points that kept its steel reed vibrating when the current was 

connected and, making and breaking the main circuit at each 

swing, sent an intermittent current pulsing into the line and 

through the distant receivers. Each receiver reed was expected 

to respond to impulses of its own pitch and to ignore those of 
Q'liy other pitch. 

I made for Prof. Bell six or eight of these transmitters with 
their reeds tuned to different pitches and the same number of 
receivers with their reeds tuned to correspond. Their test 

owever, gave results sadly out of accord with his expectations 

and a long series of experiments followed with rather unsatis¬ 
factory results. 

The saying so frequently offered for our consolation; that 
we profit more from our adversities than we do from our suc¬ 
cesses, was certainly applicable to Prof. Bell’s case at this time, 
for had the rhythmic intermittent current that actuated his 
telegraph accomplished the result he expected and brought 
him fame and fortune, he might not have been impelled to 
seek a better form of an electric vibration and so might have 

missed the discovery that has since placed his name among 
the immortals. 

Prof. Beirs experiments with the apparatus I made for him 
soon revealed the serious defects of the intermittent current 
wave. He was able to transmit with it two or three messages, 
each on a different pitch, with a reasonable degree of certainty,' 
but when a greater number was attempted, the added series 
of impulses seemed to fill the gaps in the other series and pro- 
duce practically a continuous current, causing serious inter¬ 
ference between the messages. The need of a better form of 
an electric wave was apparent; making and breaking the cir¬ 
cuit so many times a second seemed but the first step in the 
development of his idea. The fact is, Bell had had for a year 
or more^ a clear conception of the sort of current he needed, one 
undulating in waves which would be the exact equivalent of 
sound vibrations, although he had as yet devised no satis¬ 
factory means of producing such a current. An electric cur¬ 
rent undulating in true wave form would not, he believed, 
smooth out into a continuous current when several series of 
impulses were superposed but would keep its wave form through 
all the complexities that might be impressed upon it. Many 
sounds can traverse the same air without confusion, so, he 
thought, such a system of electric waves having the mathe- 
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matical form of sound waves in the air, might transmit an 
indefinite number of pitch series on a single wire, to be selected 
and resolved into separate messages by his tuned receivers. 

Bell also foresaw that the apparatus which could generate 
and transmit such true electric waves might also solve another 
great problem he had been dreaming about. 

One must imagine a world in which the telephone was abso¬ 
lutely unknown to appreciate my^ feelings when one evening 
during the course of some experiments on his telegraph appara¬ 
tus, Bell told me he had an idea by which he believed it would 
soon be possible to talk by telegraph. He put his conception 
into the words of his famous formula which I then heard for 
the first time: If,’’ he said, I could make a- current of 

electricity vary in its intensity, precisely as the air varies in 
density during the production of a sound, I should be able to 
transmit speech telegraphically.” Some practical mechanism 
to produce such a current was the goal to be striven for, he as¬ 
serted. He then described to me what he called his harp 
telephone, a complex affair having an elongated electromagnet 
with a multiplicity of steel reeds tuned to many pitches and 
arranged to vibrate in proximity to its poles; as if the magnets- 
of a hundred of these receivers were fused together side by 
side. ^ These reeds might be considered as analagous to the 
rods in the harp of Corti in the human ear.- It was Bell’s first 
conception of a speaking telephone. His idea was that a 
sound uttered near the reeds would cause to vibrate those reeds 
corresponding to both the fundamental tone and to the over¬ 
tones of that sound. Each reed would generate in the magnet 
an electric wave all of which would combine into a resultant 
complex wave. This passing through a similar instrument at 
a distant station • would, he imagined, set the same reeds into 
motion and so reproduce the original sound. He had even 
considered the possibility of using a single reed actuated by a 
parchment diaphragm over an ordinary electromagnet. He 
had not had either of his conceptions constructed for he was 
sure that electric waves generated, in this way would be too 
ee e, to be of the least practical value. His harp telephone 
however, was a favorite idea with him and he often spoke of 
It to me. It was never constructed probably on account of 
the expense, but with this clear conception in his mind, of the 
possibilities of a true electee wave, struggling for practical ex¬ 
pression, Bell continued his work on his harmonic telegraph 
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trying to nttnin e r6sult clcErly impossiblG with a transmittGr 
that merely made and broke the circuit.- 

I am afraid that my attitude towards Bell’s telegraph, after 
several months’work on it, had become one of disgust with its 
perversities, and hopelessness as to its future. Its operation 
was so uncertain and baffling that I remember that even Prof. 
Bell himself began to lose his enthusiasm. His confidence in 
the intermittent current was vanishing and means for generat¬ 
ing his better waves had not arrived. But, '' when half gods 
go, the gods .arrive,” and this time of depression and disap¬ 
pointment was the right preparation for the new development 
that was close at hand. 

In the attic of the building 109 Court street, Boston, where 
Williams’s shop was, two rooms had been partitioned off and 
used by Williams for the manufacture of tin-foil condensers. 
These rooms Bell used as his laboratory at that time. Those 
rough attic rooms, freezing in winter and unbearably hot in 
summer, had witnessed many discouraging experiments with 
the harmonic telegraph' with a few slight successes, but on the 
afternoon of June 2d, 1875, something came to light there that 
certainly was a recompense for all previous troubles. A slight 
derangement in the telegraph apparatus gave an opportunity 
for the great idea that had been incubating in Bell’s mind so 
long to break through its shell. 

On that afternoon Bell was in one of the rooms tuning the 
receivers, an operation they constantly needed. He had a 
novel way of doing this that he had originated and which had 
become a habit with him. When he was trying to bring the 
pitch of a receiver reed into accord with that of its transmitter, 
he would press that receiver reed against his ear. He could 
then hear the nasal drone of the intermittent current coming 
from the transmitter in the other room and by changing the 
length of the receiver reed he could adjust its pitch to corres¬ 
pond with that tone. It is interesting to note that when one 
of his harmonic receivers is used in this way, it becomes a close 
analogue of a modern telephone receiver, as the edges of the . 
ear clamp the free end of the spring and so damp its natural 
rate of vibration and cause it to vibrate as a diaphragm. ' 

On the afternoon of June 2d, 1875, Bell was doing this with 
one of the receivers and at that very moment I happened to 
snap the steel reed of another instrument in the other room 
connected into the same circuit, which for some reason was 



1016 WATSON: INVENTION OF TELEPHONE [May 18 

not vibrating as it should, and needed that physical stimulus 
to start it. It did not start at once so I gave it several vigorous 
plucks, undoubtedly expressing my opinion of the thing in vivid 
shop language, when I heard a commotion in the next room 
and out Bell came in great excitement to see what I had been 
doing, telling me that he had heard in the receiver at his ear the 
unmistakable timbre of the sound of one of the reeds. His 
excitement came from his realization that he had heard the 
rst real sound that had ever been transmitted electrically. 
It needed but a slight examination of the apparajus to reveal 
e fact that the steel reed I had snapped, magnetized by its 
long use in connection with magnets, was functioning as a 
mapeto-electric generator and by its vibration had generated 
m Its magnet an electric current that was moulded into un¬ 
dulations exactly analogous to the sound waves of the plucked 
reed. That such slight means could generate a current not 
o y strong enough to be heard in the receiver but actually 
to set into visible vibration the reed of another receiver in the 
same circuit in Bell’s room, was a revelation to him. He saw 
at once that he had been wrong in thinking that the vibration 
of a steel reed could not produce electric waves of any practical 
value and that here was the solution, not only of his harmonic 
tele^aph but also of his speaking telephone. He realized im- 
medmtely t^t the apparatus that could generate, transmit and 
receive so efficiently one sound with its fundamental tone and 
with Its overtones could undoubtedly be made to do the same 
for any sound, even speech itself. The gods had arrived 

enthusiasm and hope; even my gloom was dis¬ 
pelled. We spent the rest of the day repeating the experiment 

andTmffiv^f sizes and shapes of steel springs 

and tuning forks over magnets with the same surprising result 

and before we parted that night Bell gave me directions for 

Shraem^^ /fo telephone. He knew that the 

Sllfo ? the Scott phonautograph when impelled by the 

attached to i,; .he. a 

by the voice, force the steol r i. • ^ actuated 

thd vocal vibrations and catit t T "^^^^ivers to follow 

vdth the foZ S I generate electric waves 

vuth the foim of speech waves? Following this thought to it. 

concision, BeU sketched out the first speaking Xw 

world has ever seen and gave me direction, for it. + 

. Qunt one of the harmomc receivers in a wooden 
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frame, attach the free end of its spring to the center of a tightly- 
stretched parchment drum head, also mounted in the frame¬ 
work, and provide a mouthpiece to concentrate the voice on 
the other side of the drum head. 

I did this the next day. Here is a replica of it. All that is 
left of the original is now in the National Museum at Wash¬ 
ington. My recollection is that I had this first telephone 
ready for testing the next day, June 3d. It had many defects. 
The diaphragm was delicate and easily torn and as it absorbed 
the moisture of the breath required constant tightening, but 
it transmitted to my ear over a wire about 200 feet long, run¬ 
ning from the fifth story of Williams’s building to my work bench 
on^ the third story, the unmistakable timbre of Prof. Bell’s 
voice in a few imperfect words, using for listening one of the 
harmonic telegraph receivers through which Bell had made the 
discovery. It was a meager result and a bitter disappointment, 
for I, at least, and, I fancy. Prof. Bell too, had anticipated a 
much greater conversational fluency even in that first telephone. 

I have noticed that one’s mental attitude towards a phe¬ 
nomenon changes as the novelty wears off. The new effect does 
not seem so wonderful after a few repetitions. This is perhaps 
the reason why my memory tells me that during the months 
immediately following the discovery that magneto-electric waves 
generated by a vibrating steel reed were strong enough for prac¬ 
tical use, the telephone seemed to grow poorer in its operation 
instead of better. Bell carried on many experiments for which 
I made the apparatus, with the purpose of increasing the strength 
of the new wave not only for its use in his telegraph but also 
in his telephone. He felt that any improvement applicable to 
one invention would also help the other. His work for some 
months was devoted to the telegraph as well as to the telephone, 
for his friends and financial backers were all strongly of the 
opinion that it was much wiser for him to devote himself to 
a real practical thing like the telegraph rather than to such a 
chimera as the telephone. 

Progress was over the same desert road with a few green 
spots that inventions seem prone to travel on and it was not 
until March 10th, 1876, nearly ten months after its birthday 
that the telephone transmitted its first complete sentence. 
Though not so noble as the first sentence that Morse telegraphed 
from Washington to Baltimore a few decades before, What 
hath God wrought,” still the telephone’s first sentence had a 
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cert^n homely practicality about it that clearly takes it out 
ot the category of the frivolous. It was, “Watson, come 
ere, want you, uttered by Bell from his laboratory to his 
bed room in the boarding house, number 5, Exeter Place, 
oston. I am sure that P went at once. Commonplace as 
It was, the sentence seemed to break the spell and the tele¬ 
phone progressed after that by leaps and bounds. 

^^st sentence was sent, 
ith a forethought that quite surprises me today, I took 

down this wire when the laboratory was vacated in 1877, in- 

scn ed it and put it into a safe where it remained until a year 

^ presented it to the American Telephone 
an e egraph Co. for its museum. The inscription, which 
I wrote when I first took it down, is as follows: “This wire con¬ 
nected room 13 with room 15 at number 5 Exeter Place, Boston, 
an IS the wire that was used in all the experiments by which 
the telephone was developed from the fall of 1875 to the sum¬ 
mer of 1877, at which time the telephone had been perfected 
or practical use. Taken down June 8th, 1877, by Thomas 

This was the year of the Centennial Exposition at Philadelphia 

^d Bell decided to make an exhibit there of his inventions. 

He had me make for him some nicely finished telephones of 

the best forms that he had devised, including his first battery 
transmitter. 

In June, 1876, Sir William Thomson, chairman of the com- 
mrttee on the electrical exhibits, with members of his com¬ 
mittee, examined and tested Bell’s apparatus. We have a 
valuable record of the impression the telephone made upon 

his mind in his opening address to the British Association 
September 14th. 1876, wherein he said: 

I heard, “ To be or not_ to be * * * * there’s the rub ” 

t rough an electric telegraph wire; but, scorning monosyllables 

sapp^^^taS^ flights, and gave me mes- 

Cox has newspapers-” S.S. 

Citv of Npw V u ” “ The 

City of New York, Senator Morton,” “ The Senate ha.s re 

SSoAf™* “ ' " The Americans £ 

onton have resolved to celebrate the coming 4th of Tulv ” 

PU to “-e with unmistakable 

fnoSfr^^^ture of just such 
another little electromagnet as this which I hold in my hand 

The words were shouted with a clear and loud voice bv mv 

colleague judge. Professor Watson, at the far end of the^tSL^ 
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graph wire, holding his mouth close to a stretched membrane 
such as you see before you here, carrying a little piece of soft 
iron which was thus made to perform in the neighborhood of 
an dectromagnet in circuit with the line, motions proportional 
f motions of the air. This, the greatest by far 

of all the marvels of the electric telegraph, is due to a voune- 
countryman of our own, Mr. Graham Bell, of Edinburgh 
Montreal, and Boston now becoming a naturalized citizen of 
the United States. Who can but admire the hardihood of 
invention which devised such very slight means to realize the 
mathematical conception that, if electricity is to convey all 
the delicacies of quality which distinguish articulate speech 
the strength of its current must vary continuously and as nearly 
as may be in simple proportion to the velocity of a particle of 
air engaged in constituting the sound? 


Up to the summer of 1876 all the tests of the telephone had 
been made on indoor wires but soon after this convincing trial 
at Philadelphia, it became evident to Prof. Bell that his in¬ 
vention was ready for higher flights. Some preliminary tests 
on a real line in Brandford, Canada, in which the transmission 
was all in one direction, the return communication being by 
telegraph, were followed by a complete test of the telephone’s 
practicability as a transmitter of intelligence between distant 
points under outdoor conditions. On October 9th, 1876, Bell 
and I carried on a long conversation over a real telegraph wire 
about two miles long running from Boston to Cambridge, Mass. 
Bell was at the Boston end, I at Cambridge. The telephones 
we used were those that Bell had exhibited at Philadelphia 
and were probably the identical instruments with which Sir 
William Thomson made his famous tests. In order to prove 
to a doubting world that the telephone could be accurate in 
its transmission, we made a record,of that first conversation 
ever carried on over a real line and so it has been preserved. 
At the beginning of the test we were not able to make our voices 
audible to each other. The cause seemed to be the high re¬ 
sistance of a telegraph relay that I discovered in the circuit 
in another room in the Cambridge factory, for, after I cut that 
out, we were able to talk with the greatest ease, as the open¬ 
ing sentences of our recorded conversation indicate, which were: 

B ell: What do. you think was the matter with the instruments ? 

Watson: There was nothing the matter with them. 

Bell: I think we were both speaking at the same time. 

Watson: Can you understand anything I say? 

Bell: Yes, I understand everything you say. 
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Watson: The reason why you did nofhear at first was be- 
cause there was a relay in the circuit. 

Bell. You may be right, but I found the magnet of my tele¬ 
phone touching the membrane. 

Watson. I cut this relay out, and then the sounds came 
perfectly. 


Bell. I hear every syllable. Try something in an ordinary 
conversational voice. 

Watson: I am now talking in quite a low tone of voice. 

e . The sounds are quite as loud as before and twice as 
distinct’’— 


and so on for more than a hour. This record which was pub¬ 
lished in the Boston Advertiser of the next day shows a surpris¬ 
ing accuracy when the crudeness of those early telephones is 
taken into consideration. 

I need go no further in my account of those days of struggle. 
The successful working out of the telephone, as in the case 
with all inventions, was a matter of endlessly considered detail. 
It was patient, plodding work with a few hours of intense ex¬ 
citement. ^ Other tests were made later in 1876 on still longer 
ines, andin April, 1877, the first telephone line was constructed, 

lo'jr miles long, and the telephone installed thereon, beginning its 

competition with the telegraph as a practical business proposition. 

Since then, what tremendous things have been done by the 
telephone engineers on whom the responsibility has fallen, of 
continuing the work so splendidly inaugurated by Dr. Bell. 
The vrork of these men during the 38 years that has elapsed 
since Dr. Bell’s experiments on the telephone has been cease¬ 
less, energetic, untiring, wise, and accurate in the highest de¬ 
gree.^ Telephone engineers have overcome one by one the 

multitude of obstacles that stood in the way of that high ideal_ 

universal service, until today we applaud the latest achieve¬ 
ment, under the able leadership of your incoming president_ 

transcontinental telephony, the marvel of which has impressed 
itself deeply upon my mind all the more because Dr. Bell and 
I had the honor of formally opening the New York-San Francisco 
telephone line on January 25th of this year, as we opened the 
first telephone line, 2 miles long, between Boston and Cam- 
bndge, 39 years before. We talked over this line 3400 miles 
long (reaUy 4400 mBes, for its terminus was. during Z mS 
o t e time, in Jekyl Island, Georgia) more clearly than we 
talked from Boston to Cambridge 39 years before. Amazing 
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as this was, a climax of the wonders I had been participating in 
was reached when Dr. Bell switched in another telephone and 
said to me through it: Mr. Watson, I am now talking through 

an exact duplicate of the first telephone made in 1875. Can 
you hear me?’’ I heard him perfectly, and when I explained 
to the audience at my end of the line just what was happening 
and repeated Dr. Bell’s words, I was not surprised to see tears 
in the eyes of several of those hard-headed business men of 
California, for I myself was thrilled through and through with 
the thought of the immensity of the work that had been done 
since I made that first telephone for Prof. Bell and with my 
realization that this transcontinental line, stupendous achieve¬ 
ment as it is, was merely a big incident in the life of the men 
whose brains have built up an organization almost incompre¬ 
hensible in its size and scope, with its nine million telephone 
stations, making twenty-eight million telephone conversations 
each day over twenty million miles of telephone wires—that 
stupendous organization we call the Bell system.” 

Even these figures are but part of the whole, for there are 
now in the world more than 14 million telephone stations, mak¬ 
ing 42 million conversations daily over 33 million miles of wire. 
We can but wonder at such a fructification in four decades of 
that virile conception of the man we today honor ourselves 
by honoring—Alexander Graham Bell. 
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THE TREND OF ELECTRICAL DEVELOPMENT 

President's Address 

rv_ 

BY PAUL M. LINCOLN 


ANNUAL address by the president of our Institute is 
more than a perfunctory affair. It is a constitutional 
requirement. It is enumerated specifically in our constitution 
among the duties of the president—“ He shall deliver an ad¬ 
dress at the annual convention.” 

It ^ has occurred to me that in my address on this occasion 
it might be well to trace the progress of some of the develop¬ 
ments and practises that have marked the path that the elec¬ 
trical engineer has traversed in the past, with a view of obtain¬ 
ing some idea, possibly, as to whither these paths may lead us 
in the future. Insofar as this method incorporates a review 
of the past it presents no particular difficulty; but when it 
mvoNes a prognostication of what a continuation along any 
particular line of development will finally lead to, it delves 
somewhat into the realms of prophecy. I realize full well that 
anyone who attempts to deal in prophecy among the inven¬ 
tions and developments of this day and age is running a grave 
risk, and I therefore do not propose to wander far from what 
I conceive that the trend of present development will carry 
us toward in the future. 

In the matter of efficiency, it has always been recognized 
that electrical apparatus is in a class by itself. Mechanical 
energy can be converted into electrical by a generator, or vice 
versa, by a motor, at an efficiency ranging up to as high as 97 
per ce'nt, or even more in the most favorable cases. I think 
it is a safe statement to say that the average efficiency of 
the conversion of mechanical energy into electrical by genera¬ 
tors, or electrical energy into mechanical by motors, including 
all sizes under actual operating conditions, will reach 90 per 
cent. There are, of course, many cases where the efficiencies 
are lower than 90 per cent. On the other hand, there are 
many cases where the conversion is earned on at much higher 
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efficiencies, and I believe that the assumption of 90 per cent 
as an average figure is not far from the truth. Owing to the 
fact that the size of the average electrical generator is much 


greater than that of the average motor and that it is possible 
to operate the generator at higher average loads than in the 
case of the motor, it must be apparent that the average effi¬ 
ciency in converting mechanical energy into electrical energy 
is higher than in the reconversion’ of this electrical energy back 
into mechanical. The average generator efficiency is un¬ 
doubtedly well above 90 per cent, while it is doubtful if the 
average motor reaches so high a figure. However, the general 
conclusion I would draw from these figures is not modified by 
this difference between generator and motor. This conclusion, 
which' must be apparent to anyone, is that no development 
of a revolutionary character can be looked for in this respect. 
Our ability to convert mechanical energy into electrical, or 
vice versa, has reached so high a value that even if we could ob¬ 
tain perfection itself we could add only a matter of 10 per cent 
to what we have already accomplished. This conclusion must 
hold unless the law of conservation of energy is revoked, and 
I am not predicting any suspension of that law. 


^Vhen we come to deal with the efficiencies by which elec¬ 
trical energy in one form is transformed into electrical energy 
of another form, efficiencies are found to be still higher. The 
efficiencies of some of our larger transformers, for instance, ex¬ 
ceed 99 per cent. The synchronous converter, in which alter¬ 
nating current is changed into direct, attains efficiencies ap¬ 
proaching 98 per cent. It is evident that perfection itself could 
not add greatly to existing performances and hence nothing 
revolutionary may be expected along this line in the future. 

When we come to consider the prime mover, we find a mar- 
veous improvement in recent years. Taking up first the water¬ 
wheel, the early attempts to develop power at Niagara Palls 
constitute a significant commentary upon the status of the 
waterwheel at that time (the late 60’s and the early yo’s! 

the building of what is now known as the 
Schoellkopf canal at Niagara Falls made available a head of 

SrsMe 

some 15 or 20 these earliest wheels used only 

some of the least progressive and from 

1 T ^ progressive. After 

p ssng through the wheels under this head, the water was 
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then discharged at the face of the cliff and fell uselessly for the 
remainder of the distance, much to the detriment of the scenic 
beauty of the bank. And not only was it impossible at that 
time to obtain waterwheels that would work under more than 
these very limited heads, but the efficiencies of such as were 
used were very far below those attainable now. Today, water¬ 
wheels have no limit in head, except that imposed by the strength 
of available materials, and efficiencies ranging up to 90 per cent 
are expected as mattfers of course. Improvements in water¬ 
wheel design will, of course, continue, but perfection itself 
would add but a matter of 10 per cent to the best of our modern 
practise, and not to exceed 20 per cent to 25 per cent to the 
worst. Therefore, in waterwheels, as well as in motor and 
generator practise, we are approaching the limits set by natural 
laws, almost as closely as human • ingenuity can be expected to 
attain. No startling or record-breaking developments need 
be expected along these lines so long as the law^ of conservation 
of energy holds. 

In thermodynamic engines too, the last few years have seen 
marvelous improvement. The reciprocating engine of Watt 
has largely given place in recent years to the steam turbine, 
and the use of the turbine has enabled us to attain efficiencies 
in thermodynamic conversion that were out of the question 
with the reciprocating engine of Watt. In the thermodynamic 
conversion the law of conservation of energy takes a peculiar 
form. No conceivable method of thermodynamic conversion 
can begin to transform all of the energy contained in a lump 
of coal, for instance, into dynamic or mechanical form. If 
the heat contained in the coal is used to heat a fluid and that 
fluid is used in a thermodynamic engine, the maximum mechanical 
energy that can be taken from that engine can bear no greater 
ratio to the total heat imparted by the fuel to the fluid than 
the actual range of temperature used in the engine does to the 
maximum absolute temperature of the fluid as it enters the 
engine. The efficiency which would result by the use of this 
ratio of temperature ranges is that which would result if what 
is known as the Rankine cycle efficiency’’ were 100 per cent. 
Some of the best of our modern steam turbines have attained 
to as high as 75 per cent—or possibly a little more—of this Ran¬ 
kine cycle efficiency. In these most perfect engines, therefore, 
perfection itself would not add more than 25 per cent or such 
a matter. It should be particularly borne in mind that this 
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statement is true only of the best of modern practise. It is 
not true that the average of modern practise attains anywhere 
near this degree of perfection. It is only with prime movers 
of the largest size and most modern design and construction 
that so close an approach to the ideal can be attained. As 
capacity is reduced it becomes rapidly more and more difficult 
to attain the higher degrees of economy in thermodynamic 
machines. This must always remain one of the potent factors 
in the economics of power supply. It is, and undoubtedly always 
will be, one of the fundamental reasons why central station supply 
of electric service must prevail as against isolated plant supply 
for the same service. The central station can, of course, use 
units which are very large in comparison, and can be worked 

at much higher average loads than must necessarily be the 
case with an isolated plant. 


One obvious means that has been suggested to improve the 
efficiency of the thermodynamic engine is to increase the tem¬ 
perature range through which the working fluid is used. When 
using water or steam as the fluid in our heat engine, there are 
certain practical limitations to the temperature range which is 
available and the temperature range cannot be materially ex¬ 
tended over the best of modern practise. The only two ways 
to extend this temperature range when using steam are to in¬ 
crease the superheat or increase the pressure. Increasing the 
superheat over the best modern practise does not promise results 
commensurate with the expenditure of heat to obtain this super- 
eat since increasing the temperature at one end of the heat 

n ^ end. 

which t, C f f superheating of steam beyond 

_ It useless to go. Increasing the steam pressure does 

is “'thoa-of increasing temperature range 

ratL^t'le'-a’*' Scheneetfd^' H la 

available with steam “P®rature ranges above those 

given temperature range th" mercury through a 

is traracf^, ^ ai I ^ f^®^t remaining in the mercurv 

IS transferred to water and the steam j mercury 

again worked throtmh o i ® available is 

uor^ect through a lower temperature range. The ad- 
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vantages of this are that the steam is in practically all resnects 
the same as in standard steam turbine practise and the mercury 
cycle IS closely similar to the steam. Additional energy is 
made available from the same amount of initial heat due to the 
greater temperature range obtainable by the use of the mercury 
The mam disadvantage is the poisonous nature of mercury 
vapor and the difficulty of absolutely preventing its leakage at 
ffie high pressures and temperatures of the mercury boiler. 
These practical difficulties make it too early to predict whether 
or not this method will work out as a feasible solution of the 
thermodynamic engine problem. However, it can be said that 
without some such method or device, the future is apt to bring 
no revolutionary improvements in thermodynamic engines over 
the best of modern practise. Improvements of course will 
undoubtedly continue to take place, but it cannot be hoped 
that the improvements of the future will be of the same revolu¬ 
tionary character as the improvements in the thermodynamic 
engine which have taken place within the last 10 or 15' years. 
Here again we are approaching so close to the law of conserva¬ 
tion of energy that it is safe to make a prediction of this nature. 
In the matter of size and capacity of generating units, it can 
safely be said that this is a consideration that will hereafter 
be fixed by the conditions to be met and not by any inherent 
limitation in our ability to produce units of anv desired out¬ 
put. We now have units of 30,000 kw. capacity in service and 
still larger ones projected, and no limitations of design or material 

appear of such a nature as to place a stop to further progress 
along the same line. 

At Omaha, in June 1898, the then president of our Institute, 
Dr. A. E. Kennelly, made an inaugural address upon the topic. 
The Present Status of Electrical Engineering.” This address 
constitutes a very convenient milestone by which to judge our 
progress since that time, and in this address I will take the 
liberty of quoting freely from this 1898 address of Past Presi¬ 
dent Kennelly. In the matter of generator sizes, he says. 
In 1884 a 50-kw. dynamo was considered a large machine, 
while a 100-kw. Edison steam dynamo was justly called a 
jumbo’. At present the largest size of generator built or^ 
building is of 4600-kw. capacity,” In the 14 years from 1884 
to 1898 the maximum size of generator therefore increased 46- 
fold, while in the 17 years since that time, the increase has only 
been a bout seven-fold, While the increase in capacity therefore 
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has been a marked one, the rate of increase has not been ‘so 
rapid during the last 17 years as it was in the previous 14 years, 
a result which naturally might have been anticipated. The 
future will undoubtedly continue to produce larger and larger 
capacity machines, the limit as to size being dictated by plant 
capacity and economic considerations and not by anj'' inability 
to produce the larger sizes. 

In the matter of selling price of such apparatus the follow¬ 
ing extract from Kennelly in 1898 may be of interest: " The 
price of dynamos in 1882 was about 20 cents per watt of 
output, while dynamos of similar running speed for compara¬ 
tively small sizes without switchboards now cost about 2 cents 
per watt. The speed and size of these units is not mentioned, 
but it may be said in comparison that nowadays prices are 
frequently quoted below one-half cent per watt. In this respect 
again, the improvement in the last 17 years has not been so 
marked as it was in the 14 years previous, a result that is only 
to be-expected. In the next succeeding period it is probable 
that a still smaller degree of improvement will occur. We are 
approaching a saturation point in this respect. 

It may be well to point out some of the reasons for this ap¬ 
proach to saturation in the matter of costs. The two funda¬ 
mental costs of electrical apparatus are those of labor and 
matenal. In regard to the item of labor, I submit that it is 
safe to predict that the tendency for the future will be for the 
cost of labor to increase rather than decrease. Economies in 
tte use of labor will undoubtedly take place by the introduc¬ 
tion of the methods of scientific management, etc., but these 
need not be expected to be revolutionary in character so far as 

Item The tendency of the labor 

deprecTatiom'^’"^ ^ appreciation rather than 

In regard to the item of material, modern design has an 

Take for ll available material 

irons Wiir permeability possessed by 

flux densities the^’' permeability, making available greater 
ensities, the cost of electrical apparatus might be con 

improbable 
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t^te annth! f tr magnetic fluxes consti- 

mlrhtT M the limits encountered in the design of electrical 
machines. Marked progress has been made in this respect in 
recent years. Our modern transformer steels in the matters 
of losses and iron aging qualities show a vast improvement 
over those formerly available. Unfortunately, these improve¬ 
ments have so far been accompanied by a decrease in perme¬ 
ability which IS highly objectionable, particularly in rotating 
machinery. Unquestionably, further improvements will be 
made in the magnetic qualities of our irons and steels, but these 
improvements will probably make no revolutionary change in 
the costs of electrical apparatus. 


The conductivity of copper and other metals is another 
physical property that sets a limit to the output and cost of 
our electrical apparatus. ■ Apparently we have' reached a defi¬ 
nite limit in this respiect. The conductivity of the copper 
of commerce is within an extremely small percentage of that 
of pure copper and we cannot expect to obtain a higher con¬ 
ductivity in copper than that of purity. There remains, of 
course, the possibility of using some metal other than copper, 
but at this present time there is very little promise in that 
possibility. There is apparently no metal that even approaches 
the space and cost characteristic of copper that makes it so 
essential to the construction of electrical apparatus. Aluminum 
is a competitor only when the volume of the conductor is not 

an essential element in design, as a transmission line and the 
like. 


^ One of the most pressing of our existing limitations to a reduc¬ 
tion in cost of electrical apparatus is that fixed by temperature 
rise. The output of a piece of electrical apparatus increases 
with the temperature rise, and the temperature rise in turn is 
dictated by the point of balance between the rate at which heat 
is put in and that at which it is taken out of a machine. The 
rate at which heat is put in depends largely upon such physical 
characteristics as. hysteresis and permeability of iron and con¬ 
ductivity of copper, which characteristics are already being 
crowded to the limit by our modern designs. The rate at 
which heat is dissipated depends upon the efficacy of the ventila¬ 
tion methods used, and in this particular there is a considerable 
<^PP^rtunity for improvement. The methods and devices for 
taking heat out of machines are just as important, when con- 
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sidering temperature rise, as the prevention of heat from enter¬ 
ing. While there is unquestionably room for considerable im¬ 
provement in. this particular, there is a question as to whether 
it will cause any material reduction in the cost of such ap¬ 
paratus. The additional cost of applying the more efficient 
methods of dissipating heat will go far toward nullifying their 
tendency toward a reduction of cost. 


However, there is one line of development that does promise 
some reduction in cost, and that is the tendency toward higher 
operating temperatures. In the past, the maximum operating 
temperature has been fixed by the disintegrating point of fibrous 
insulation, and this point has placed a very definite and logical 
limit to temperature rises in such machines. However, when 
types of insulation are used which do not have this definite 
temperature of disintegration, this reason for such a tempera¬ 
ture limit disappears. Just how far we can go in apparatus 
ternperatures without exceeding the safe limits of these heat- 
resisting insulations is as yet problematical. However, a limit 
to an indefinite extension in this direction is set by the tempera¬ 
ture coefficient of copper conductors, the property that causes 
the resistance to rise with increasing temperature, thereby 
causing-Still higher losses and in turn still higher temperatures. 
If we go high enough, we will reach a point of unstable equilib¬ 
rium in this temperature rise curve, where the apparatus will 
literally and automatically burn out.’’ This point is, of 
course, far above anything that is projected at the present 
time, but while we are looking for limits, we might as well 
recognize that such a one exists. 


In the matter of power production therefore, although we 
have steadily improved in the past, both as to costs and as to 
performance, and although we may expect to continue this 
steady improvement in the future, we must not expect that these 
improvements will be of the same revolutionary character as 
they have been m the past. We can see ahead of us a definite 
hmt beyond which it will be impossible to improve the methods 
of power production now in use. I do not mean to say that 
there wiU be no new or revolutionary methods developed in 

SLfT’ set our power from 

falhng streams and burning coal, we need not expect to see the 

SHast VTTT’"'' “ distinguished 

e past. To illustrate my point more fully, let us consider 

the nature of a water power. Water is evaporated by the 
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action of the sun and is carried miles above the earth into the 
clouds. Here it is precipitated in the form of rain or snow and 
falls on the earth. The streams carry this water back to the 
ocean and it is then ready to repeat the cycle. Our existing 
water powers utilize an almost infinitesimally small part of this 
water over an almost infinitesimally small part of the total 
height to which the sun carried it. Insofar as is concerned 
the water we use over the head through which we use it, we do 
fairly well, but the part of the sun’s energy which we thereby 
realize is so infinitesimally small that it puts us to shame. 
Some Westinghouse or Edison of the future will show us how 
to use the sun’s energy directly. The point I wish to make is 
that the revolutionary improvements in power production meth¬ 
ods of the future must come in a^ fundamental change of 
method rather than in the continued improvement of existing 
methods. 

So much, then, for the methods of producing power. In the 
matter of utilization of power a few comparisons vith the past 
may not be amiss. As indicated early in this address, the mod¬ 
ern motor has reached a stage, insofar as efficiency is concerned, 
such that little improvement may be expected. We are within 
a comparatively small percentage of perfection in this respect. 
The progress of the future will undoubtedly come from improve¬ 
ments in methods of application, and in this direction the field 
is inexhaustible. For instance, the problem of applying elec¬ 
trically the large amounts of power which are demanded by our 
modern railroad trains has not yet received a solution wffiich 
is satisfactory to all concerned. That the problem will be 
solved there is no doubt in my mind, but just how, is a question 
that I do not propose to discuss in this address. However, 
this is only one of the many problems that confront the elec¬ 
trical engineer. The devising of methods for the application 
of electricity to our modern industries constitutes the occupa¬ 
tion of no small part of our fraternity; as witness the many 
pages in our Proceedings that have been occupied during the 
past years by the activities of the Industrial Power Committee. 
It is along this line that we may expect much of what the future 
may have to offer us of a revolutionary character. 

In the field of electric lighting there have been developments 
of importance. After the telegraph, in point of time, the electric 
light was the first practical application of electricity. 

Most of our modern development in electrical engineering 
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has taken its initiative from the supply of electric livhtin.. to 
our communities. In this matter of electric lighting uS 
quote again from Kennelly’s 1898 address: He saTs 
pnce of a 16-candle power incandescent lamp 16 years avn ^ 
about 11.00. Now it is about 18 cents. The hZ il 
that time, under laboratory conditions gave about 0 ?? ^ 

horizontal n„™al British candle powol^pe, fatf aM = 

commemal conditions about 0.20. The highest preTure Sr 
which they eould then be obtained was about 110 volts At 
the present time, lamps are obtainable giving normallv 0 1 
mean horizontal British candle power per watt, while Tdercom 
mercial conditions the average lamp normally develops about 
0.25 candle per watt. They can also be obtained (It oll 
candle per watt) for pressures up to 240 volts and / 
quently installed on 220-volt mains.” ’ 

Kennelly therefore records an improvement in 16 years of 

consumer and about 
p r cent in efficiency. The introduction of the metal ffla 

oTiCZirr^ ^ --1^ g-ter rate' 

improvement in efficiency than Kennelly did. He reported 

an improvement of about 50 per cent in efficiency in the 16 

ye«s psevsous to 1898. Ip the 17 years sipoe Kenielly ™te 

nt, an advance which is truly marvelous. But here is a field 

It. _ It IS true that the melting point of the now available 
materials seenis to place the limit of lamp efficiency at a point 
no muc igher than that which we have at present How- 

iTo, JTn T" efficiencies of even our best 

stil ^ 1 ^ attained by the fire-fly it is evident that we 

still have a long way to go before we have reached perfection. 

the matter of power transmission, progress during the 
past few yearn has been remarkable. In 1898 the record reads:- 

branch of engineenng that has come into service since 1884, 

emnlotTr^^f strides, owing to the recent successful 

rente ^ Tt u, ^ voltages and multiphase alternating cur- 
elec ’ f T ’^®®’^.®®|^i™-ated that about 150,000 kw. of this 
s o mac inery is installed on the North American conti- 

ent commercially transmitting power to various distances up 

85 miles, at various pressures up to 40,000 volts.” Since 
Kennelly wrote, 17 years ago, the maximum transmission volt- 
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ages have gone up about 3f times; the maximum then was 
40,000 and now is 150,000 volts. The maximum distance of 
transmission has gone up about 3| times, 245 miles as against 
85, and the installed capacity of water power plants on the 
North American continent about 9 times, 1,350,000 instead of 
150,000 kw. Kennelly also mentions in his record that “ in¬ 
sulation testing sets have been made for producing alternating 
pressures up to 160,000 volts effective.” In this respect we 
can go at least 10 times better than he reported, 1,000,000 
volts from transformers having been made available on more 
than one occasion, and in some cases the voltage available 
from transformers has been pushed even higher. This matter 
of power transmission is a branch of our industry wherein the 
progress of the last 17 years since Kennelly made his record 
has advanced with probably greater rapidity than in any other 
branch. I feel very sure that the president of our Institute 
who comes along 17 years hence and compares the then con¬ 
ditions with my record will not be able to claim any such ad¬ 
vance as that we now may claim over 1898. This follows be¬ 
cause we are approaching some fairly well defined limits in 
these matters. For instance, in the question of increasing 
transmission voltages we are close to the corona limit. The 
appearance of corona in the transmission line means the con¬ 
tinual loss of power and therefore corona cannot be tolerated 
to any‘appreciable degree. There are, of course, methods of 
increasing the voltage range somewhat before corona is pro¬ 
duced, such as increasing conductor diameter, but it can be readily 
seen that the limits of such remedies will be reached long before 
transmission voltages have increased by the same ratio as they 
have in the past 17 years. 

Another limit that we are approaching in the matter of power 
transmission is the economic one. Transmitted power costs 
more than that generated at the point of delivery on account 
of the cost of and the losses in the transmission line. There 
obviously is a limit to the investment that can be made in 
transmission lines and still be able to supply power with the 
same economy as it can be generated upon the ground. This 
consideration, coupled with the rapid advance in methods of 
generating power from steam, has in ^my mind placed an 
economic limit to the transmission of water power so that we 
cannot expect any such advances in the future as the past 10 
or 15 years have given us. That there will continue to be 
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improvement and advance, no one can doubt, but its rate will 

certainly be diminished. 

Transmission by high-voltage direct current has received 

some attention of recent years. While there is no question but 

that the problems of pure transmission are much simplified by 

t e use of direct current, the accompanying problems of the 

pneration and utilization are so much intensified that nothing 

IS to be gained in this manner. I would predict no material 

advance for the future in direct-current transmission of power 

unless some means as yet undeveloped, is found by which its 

generation and utilization are made easier and safer than is 
possible at present. 

And so we might go on indefinitely and draw comparisons 
with past practises. Always we find progress, always also we 
find that the rate of progress is not so high now as it was in 
previous years. This is but the working out of a natural law. 

ec ncity is no longer the infant that it was formerly pictured, 
and cannot be expected to continue the rate of growth of the 
infant. It is attaining the vigor and strength of manhood. 
It IS contrary to natural law that either a child or an industry 
can have rapidity of growth and at the same time strength 
and stability of character. Unquestionably the rapidity of our 
^ evelopment is not so great now as it was when Kennelly spoke 
in 1898, and in this respect we are but following a natural law. 
At the, same time, our vocation is acquiring a stability and 
permanence that are absolutely incompatible with the rate of 
growth that characterized its earlier years. 
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THE ELECTRIC STRENGTH OF AIR—VI 


BY J. B. WHITEHEAD 


Abstract of Paper 

(1) _Some of the simpler fundamental experiments on the 
electrical conductivity of the air are described. 

(2) The theory of ionization in gases is outlined in non¬ 
technical language. 

(3) Townsend’s, proof that the law of corona-forming in- 

13 4 

tensity £ = 32 H-^ is in accord with the theory of ioniza- 

V d 

tion by collision, is explained. 


Theories of Gaseous Conduction and of Corona Formation 

A ir, under ordinary conditions an excellent insulator, has 
also the remarkable property of becoming under certain 
circumstances a very good conductor. It shares this property 
with most other gases. Air becomes a conductor when exposed 
to Rontgen rays, cathode rays, ultra-violet light, radioactive 
substances and other similar influences. In particular it ac¬ 
quires exceptional conductivity in the neighborhood of sparks, 
brush discharge and the high-voltage corona. 

What is the nature of the structure of the air which permits 
this change of behavior? This is a pertinent question in these 
pages, since it is this change which places a serious limitation on 
the use of high voltages. The study of this question has en¬ 
gaged the attention of experimental phy^sicists for many years. 
It has proved one of the most promising fields for the investiga¬ 
tion of, perhaps, the most important of all problems of the phys¬ 
icists, namely, the ultimate nature of matter. Progress in 
this investigation has been particularly noteworthy within the 
last fifteen years. Even electrical engineers have contributed 
in some measure to the results which have been obtained. It 
is now possible to make a number of definite statements as to 
the structure of gases, and in particular, to that of air. It is the 
purpose of this paper to outline the experimental basis upon 


1035 



1036 WHITEHEAD: electric STRENGTH OF AIR [June 29 

which the modern conception of the structure of the air rests, 
and several resulting theories of the nature of the high-voltage 
corona. Effort will be made throughout to keep the description 
free from technicalities and to avoid as far as possible the intro¬ 
duction of mathematical treatment. 

It is with some hesitation that a paper of this character is 
offered to the Institute. Engineers for the most part have only 
a passing interest in questions of pure physics. The daily 
work of most engineers does not involve problems requiring such 
knowledge. The study of physics, unfortunately, is reduced 
to an exceedingly small minimum in most of our engineering 
schools. But in electrical engineering particularly, there seems 
to be a special reason why the ultimate nature of electrical 
phenomena should be studied and increasing attention be given 
to the results of the investigation. Many of the most useful 
electrical phenomena are not understood, cannot be explained 
in terms of simpler phenomena, and represent, in many instances, 
the empirical results of the first discovery. As a con'sequence of 
these facts there has fortunately within the past few years been 
a noticeable recognition of the need of a deeper study of electrical 
phencmena. Manufacturers have established research labora¬ 
tories from which results of the highest importance have already- 
been received. National testing and standardizing laboratories 
have rightly conceived it a proper function to devote more at¬ 
tention to research: Independent workers in increasing num- 
ers are devoting their attention to problems which seem most 
ikely to lead to results of practical value: And lastly may be 
mentioned an increasing demand that engineers, during their 
formal training, devote more time to the study of the physical 

nition that the deficiency in this respect is a serious limitation. 

sation ^ influenced, in a year of enforced ces- 

Woin. ^^ich has been the basis of the 

oonortunitv t^^ of this senes by a desire, to make use of the 
of as possible, the results of all 

subiect S tL 1 r In.stitute on the 

^b]ect of the electnc strength of air, with the theory which 

by the physicists to accept. 

e Ktnehc Theory of Gases. One of the strongest evidences of 
the correctness of modern theories of the electric behaX o 

TlS't'hefr^ta“ble''' T 
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It will be recalled that the kinetic theory assumes that in 
structure a gas consists ultimately of molecules, which are its 
smallest indivisible particles. These molecules are in a state of 
irregular motion or vibration. They collide with each other 
rebounding to further collisions without definite law. The pres¬ 
sure of a gas in a closed vessel is due to the impact and rebound 
of the molecules against its sides. The increase in temperature 
is an increase in the velocity, and hence kinetic energy, of the 
individual molecules. Compression and expansion of the gas 
are accompanied by a shorter or longer amplitude of vibration of 
the molecule between collisions. 

The mathematical study of a system of elastic spheres in some 
such state of vibration as has been described, does not present 
particular difficulties. The method is based on the principle of 
averages; that is to say, it does not consider the motion of an 
individual particle or sphere, but the average motion and average 
length of path between collision resulting from some presupposed 
state as to the total amount of energy associated with the entire 
system of moving particles. Such study has led to many expres¬ 
sions which have been used as a basis for test of the theory. All 
of the elementary laws of the behavior of gases concerning 
changes of pressure, volume and temperature, are found to be in 
accord with the theory, and it may be stated that while 
this theory can never be subjected to the rigid proof of actual 
observation, yet nevertheless results of the theory are so uni¬ 
versally in accord with known facts as to place the correctness 
of the theory beyond all question. While a number of instances 
of this agreement may be mentioned, attention need only be 
drawn to the fact that particular confirmation is found in the 
phenomena relating to the specific heat of gases, to the second 
law of thermodynamics and to the laws of Avogadro, Boyle, and 
to Van der Walls’ extension of the latter. 

Of particular interest in the present connection are the results 
of the kinetic theory which indicate the size, mass, and space 
separation of the molecules. Our ideas of the diameter of the 
molecule are derived in several ways; from Boyle’s law, and from 
the coefficients of viscosity, heat conductivity, and diffusion; 
they all agree very closely. The diameter of the molecule so 
indicated is about 3 X 10"^ cm. Similarly, the number of mole¬ 
cules per cubic cm. of gas at 0 deg. cent, and 760 mm. pressure is 
2.75 X 10”^® power. The velocity of the motion of a molecule 
between collisions is on the average, in the case of air, about 
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48,000 cm. per sec., that of the hydrogen molecule being 186,000 
cm. per sec. The mass of the molecule of hydrogen, the lightest 
of the gases, is 46 X lO'^® gm. The mass of the molecule of other 
gases is correspondingly higher, that of oxygen, for example, 
being 736 X 10"-^ The mean free path, or average length of 
path of the molecule between collisions under standard condi¬ 
tions, is about 10"^ cm. 


It will be recognized that this conception and these figures are 
beyond the grasp of our senses. To assist the imagination. Lord 
Kelvin has stated that if a drop of water were magnified to the 
size of the earth, its molecules would be about the size of cricket 
balls.^ Perhaps it should be stated that the kinetic theory gives 
no evidence that the actual shape of a molecule is that of a sphere. 
The figures for the diameter represent the diameter of the range 
of action of a molecule in its relation to other molecules. 

Electrical Conductivity ^of Air. As already indicated, the 
results of the kinetic theory and the magnitudes of the quanti¬ 
ties pven have been used with great advantage by investigators 
ot the electrical properties of gases. We now nroceed to a 

description of some of the methods of investigation and their 
results. 


Air in the free state-has electrical conductivity This con 
ductmty, however, is so small that to observe it directlv is 
extremely difficult. The methods which have been used in 
volve the observation of the rate of leak of static electricity 
from a charged body by means of the gold-leaf electroscope. 
The results obtained indicate that in the open the current pass¬ 
ing between two parallel plates 10 cm. apart and each 100 cm 
square, assuming perfect insulation.- would be of the order of 
magnitude 3 X 10-a amperes. This current, moreover, is the 
maximum which may be obtained and does not increas; with 

ncrease of imltage; also it diminishes greatly if the air is con- 
fined in a closed vessel. 

air to greatly increased by exposing the 

t^e indents suoK ask 

strai^g the air through glass wool, by . drawing it thrawh 
metal tubes, and by applying an ictric fik ^ 

These facts suggest that the conductivity Is due to something 
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mixed with the gas which also has an electric charge, since it 
moves out under the action of the electric field. vSince the con¬ 
ducting gas as a whole shows no charge, there must also be equal 
amounts, of positive and negative charge. The conclusion is 
thus reached that the conductivity of the air is due to its having 
mixed with it electrified particles, some positive and others 
negative. These particles are called ions, and air or other gas 
in a conducting state is said to be ionized. This idea is evi¬ 
dently in accord with the kinetic theory of gases, and it is onlv 
necessary to add to that theory the assumption that under 
certain circumstances some of the molecules acquire electric 
charges, either positive or negative. Leaving aside for- later 
discussion the question how the state of ionization is brought 
about, it is possible to test the assumption in a number of ways-. 

With a constant exciting source of conductivity, as for ex¬ 
ample, a beam of Rontgen rays 
between two parallel plates 
forming the electrodes or term¬ 
inals, we assume that a certain 
number of ions are formed each 
second. The volt-ampere char¬ 
acteristic of the air betw'een the 
plates is as shown in Fig. 1. 
Under low values of electric in¬ 
tensity, the charged particles are 
carried to the plates with velocities at first proportional to the 
intensity. Thus the current is proportional to the voltage, 
or Ohm’s law is obeyed. With increasing voltage the ions are 
swejjt out as fast as they are formed, but there can be no more 
current than there are ions, consequently the curve shows the 
horizontal portion known as the saturation current. With the 
further increase of voltage, the air breaks down in the form of 
corona or spark; we will return to this phase later. One of 
the interesting results of the theor\^ as substantiated by ob¬ 
servation, is the fact that with uniform ionization between the 
plates, and voltage high enough to produce saturation, the cur¬ 
rent increases with increasing distance between the plates. ^ The 
greater the separation the more ions are formed, and, since all 
are swept out, the greater the current. 

The ions which are formed by the ionizing agent, being charged 
molecules or particles, should disappear in three ways: - (a) by 
recombmation; (b) by diffusion to the walls of the containing 


ELECTRIC FORCE 

Fig. 1—Conductivity of Air, 
Showing Saturation Current 
(a) and Breakdown (b) 
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vessel; (c) by being driven to the electrodes under the electric 
fields. Being in a state of vibration, positive and negative 
particles will sometimes collide and thus become neutral or no 
longer ions. Also some of them will drift to the sides of the 
vessel and will there be neutralized by the induced charges; 
that IS, they give up^ their charges to the walls. Under the 
influence of an electric field they will be driven towards the 
respective electrodes, making collisions and some being neutral¬ 
ized, but finally disappearing as ions. 

The current passing through a gas is evidently equal to the 

difference between the number of new ions formed per second 

and the number which disappear by recombination and dif- 

usion. This relation can be written in simple mathematical 

orm if the velocity of the ions under the electric force, and 

the coefficients of diffusion and recombination are known 

These quantities have been found by experiment and lead,' 

hrough the equation for the current, to excellent agreement 

between the equation based on the theory and the curve as 
observed experimentally. 

inJ'the''r!f “T"? recombination may be found by measur- 
inni- ionization after removal of source of 

onizat^on in air, between plates so far apart that the rate of 

recombination is far in excess of that of diffusion. Similarly 

ance dWo ^ together the rate of disappear- 

nce due to diffusion may be approximately measured being in 

the^se circumstances much greater than that due to recombfna- 

properties of gaseous ions is their 

The velotffvS th “®^c^ce of an electric field. 

One Jf th.t ! u “ “ several ways. 

One of the best known methods is to measure the electric force 

required to force the ions against a stream of gas moving with a 

known velocity. Suppose, in Fig. 2, that air is moving through 

he space between two concentric tubes with a velocity V and 

that a beam of Rontgen rays passes through the tubTs thmua^ 

small openings as indicated. The ions formed 

the tilKo Tf , u • ,. ® lormed will move down 

+ ^.■u ■ voltage IS applied between the inner and outer 

tubes the ions will tend to move to the inner and outer cylinders 
If the inner tube is divided at A h,. rv,.. • u ^ cylinders. 

along the axis a noint ^11 he / ’ from right to left, 

r.;ii • Tt, ’ P be found where the right-hand sectlnu 

will just begin to receive a charge as shnw-n h,, +h • ^ ^ section 

This charp-e h.. .4 j. ® by the instrument E. 

this charge will be due to the ions which started near the point 
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B] all the other ions will be driven to the left-hand section of 
the inner cylinder. From the value of V and of the electric 
force, and the dimensions of the cylinders, it is possible to 
determine the velocities of the positive and 'negative ions 
_ Another method of measuring the velocity of the negative 
ions depends on the fact that negative ions escape from a zinc 
surface illuminated with ultra-violet light. The plan of the 
experiment is shown in Fig. 3. The zinc plate A forms one 
e ectrode, and a wire netting through which ultra-violet light 
may pass, the other. Alternating difference of potential is 
applied between A and B., A negative ion starting from A 
will move downward while the negative half-wave lasts,' but 
will then start back to the plate A again. If, however, B is 
near enough, negative ions will reach it, and there will be a 
rate of leak from A which is observed at E. From the dis- 



Pig. 2 Measurement of Velocity 

OF Ions 



Fig. 3—Measurement of 
Velocity of Ions 


tance A B, the frequency, and the voltage, the velocity of the 
negative ions may be readily determined. 

From these and other experiments it is shown that the velocity 
of the positive ion in a field of one volt per cm. and in dry air 
at atmospheric pressure is 1.36 cm. per sec.; of the negative 
ion 1.87 cm. per sec.; in moist air the figures are 1.37 and 1.51. 
In -oxygen the figures are about the same as in air; in carbon 
dioxide 0.76 and 0.81 and in hydrogen 6.7 and 7.9 cm. per sec. 
It will be observed therefore that in fields of high intensity' 

say 20,000 to 30,000 volts per cm., the ions may attain quite 
high velocities. 

One of the most interesting conclusions reached through the 
assumption that gaseous conductivity is due to charged ions, 
is that the charge on an ion is the same for all gases, and that 
its value is the same as that carried by the atom of hydrogen 
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in the electrolysis of solutions. This conclusion is reached by 
a consideration of the phenomenon of diffusion of gases, or the 
process by which two gases, if brought into contact, will slowly 
mix together. It will be seen that under the kinetic theory of 
gases this can only take place by motion of the molecules, and 
it is possible in this way to reach a conclusion as to how rapidly 
a mo ecule will move through a gas under he action of a force. 
In the case of diffusion, this force may be calculated on the 
kinetic theory from the pressure, temperature, and density of 
the gas. It is reasonable to suppose that if the molecule is 
charged, that is, if the gas is ionized under an electric force, ' 
the ions will move through the gas in much the same manner 
as the molecules do in diffusion. This idea leads to a simple 
relation between the coefficient of diffusion D, the charge on 
an ion e, the number of molecules N’ per cu. cm. of gas at 
pressure P, and the velocity of the ions U under unit electric 

Ne 

field, viz., U/D = As U, D, N and P can be measured, 

e may be found, and from experiments on a large number of 
gases is found to be approximately the* same and equal to the 
charge on the hydrogen ion in electrolysis. 

If both positive and negative ions are present in a gas, and 
in equal numbers, they will move in opposite directions under 
an electric field, and there will be no resulting motion of the 
gas. If, however ions of one sign or the other predominate, 
there will be resultant motion of the gas in the direction of 
motion of the excess ions. This motion has been frequently 
observed experimentally (discharge fr5m points, corona, etc.), 
and a striking instance of it is described in the third of this 
series of papers. 

The Electron. The first step towards the proof of the inde¬ 
pendent existence of ions may be said to be due to Crookes, 
who suggested that the cathode stream, or the bundle of rays 
which always appears to leave the surface of the negative elec¬ 
trode in a vacuum tube, was, in fact, a stream of distinct nega¬ 
tively electrified particles. The evidence of this was found 
in the shadows cast by the objects placed in the path of the 
rays, in heat generated at their point of impact, and in their 
deflection in a magnetic field. It had already been proved by 
Rowland that a moving electric charge is equivalent in mag¬ 
netic effect to an electric current. The suggestion of Crookes 
was that the moving particles were charged molecules. 
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Pollowing the idea of Crookes, J. J. Thomson in 1897 an¬ 
nounced his remarkable experiments showing that the particles 
in the cathode stream are much smaller than molecules and that 
their maes is, m fact, only about 1/1800 that of the hTdroKn 
atom in electrolysis, the lightest particle known up to that 
time. The experiments have been widely described and are 
well known. In the first of them, by making use of the amount 
o deflection of the rays in electric and magnetic fields of known 
intensity the ratio e/m oi the charge to the mass of the particles 
was deduced and also the velocity with which they moved. In 
subsequent experiments by making use of the fact that, in the 
formation of water drops by condensation, the first drops form 
on the negative ions, the value of the charge on the ions was 
determined and was found to be equal to the charge carried 
by the hydrogen ion in the electrolysis of solutions. This 
value taken in conjunction with the ratio e/m leads to the 
conclusion that the particles in the cathode stream are far 
lighter than the atom of the lightest known substance. 

^ Numerous experiments have shown that these smallest par¬ 
ticles are common to all kinds of matter. The same values 
are found for different gases and different materials of the elec¬ 
trodes in the vacuum tubes used in the experiments, as well 
as for the charged particles forming the .5-rays of radioactive 
substances, those forming the discharge from hot bodies, and 
those shot off from certain substances under the influence of 
ultra-violet light. The newly discovered particles were called 
by Thomson corpuscles, but they are now more commonly 
known as “electrons.” They carry invariably a negative 
electric charge of about 4,7XlO-io c.g.s. electrostatic units. 
So far as is known they have no existence independent of their 
charge and are in fact generally supposed to be the elementarv 
electric charge. They move with different velocities accord¬ 
ing to the value of the electric force acting on them. Thomson’s 
values in vacuum tubes were in the neighborhood of 2.6X10® 
cm. per sec., while those observed in the 5-rays are even higher, 
approaching the velocity of light (3X10^® cm. per sec.) The 
independent existence of individual ions has been shown in a 
beautiful manner by Millikan and by Wilson. The former 
has been able to study the motions in an electric field of ex¬ 
tremely minute oil drops, so minute that their rate of fall is very 
slow. The method involves the microscope and powerful 
illumination from the side. The oil drops pick up one or more 
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ions and become charged particles. Their rate of fall or rise 
in the electric field between two parallel plates permits their 
charge to be calculated. It is found that the increase in charge 
as the drop picks up more ion's, is always a multiple of the 
charge of the negative ion as found by other means, thus actually 

isolating the change in charge due to the accession of a single 
ion. 

Wilson, making use of the “powerful illumination of small 
water drops in much the same way, has been able to photo¬ 
graph the path of the positive ion or oc particle from radium. 
Water drops, on the expansion of water vapor, form first around 
negative ions. If water vapor is subjected at the instant of 
expansion to the action of radium, the negative ions, formed 
by the collision of the ex particles with the molecules of the 
water vapor, become centers of condensation, and so form 
tiny clouds in the general appearance of a thread, along the 
path of the (x particles. If a photograph is taken at the instant 
of expansion, the paths of the ex particles and also of the jS 
particles or electrons are shown with remarkable clearness. 

The electrons are supposed to be a common constituent of 
all matter, and now play a most important role in all modern 
physical theory. By assuming the presence of varying num¬ 
bers^ and arrangements of them in the atoms, and that they 
are in motion, many phenomena, particularly those of light 
and radiation, may be explained. In this paper, however, we 
are only concerned with the part they play in the theory of 
the conduction of electricity through gases. 

Conductivity Due to Electrons. In conductors the electrons 
are supposed to be very loosely bound to the molecules so that 
there are large numbers always free, and these conduct the 
current by motion under the electric force. In a gas, the mole¬ 
cules are in violent motion, and some of their collisions are 
violent enough to knock off an electron. This electron may 
attach itself to a neutral molecule forming a negative ion, or 
it may recombine with a molecule which has already lost an 
electron, forming again a neutral molecule. A molecule which 
has lost an electron becomes a positive ion. An ion, whether 
positive or negative, may attract to itself other neutral mole¬ 
cules, thus forming a charged aggregate of mass larger than the 
molecule. These aggregates are more commonly found in gases 
at high pressure, as for example in air at atmospheric pressure. 
While all these phenomena apparently are common to all gases, 
we will confine our discussion to the air. 
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In free air, then, there is always present, on the average a 
certain number of free electrons and molecular ions as the 
result of collisions and recombinations. It is these ions which 
impart to air its small conductivity at atmospheric pressure. 

number of free 10 ns at atmospheric pressure as deduced 
from this conductivity is about 1000 per cubic centimeter 
TOereas the number of molecules per cubic centimeter is 3.5 x' 
0 ^; very few 10 ns therefore are required to show conductivity 
Ihis inherent conductivity is so small, however, that it can 
be observed only with difficulty. Its small value may be ap¬ 
preciated by remembering that air is one of the best insulators 
known. 

Beyond the saturation current of Fig. 1, further increase of 
voltage results in the break down of the air in the forms of 
luminou,s discharge such as the brush, the spark or corona. 
The theory of ionization has been applied to this region of the 
curve for the case of parallel plates, and lately to the formation 
of corona on round wires. The spark and the arc have also 
been studied but without the striking confirmation found in the 
two cases mentioned. We will review briefly the case of the 
passage of current between two parallel plates, and from the 
information so gained consider the formation of the corona. 

Theories of Corona Formation 

The sharp turn upwards of the curve of current between 
parallel plates in Fig. 1 with increasing voltage, marks the 
region at which sparks begin to pass. This curve may now be 
completely explained by calculation of the motion of the gaseous 
ions, if the assumption is made that an ion either positive or 
negative may in an electric field acquire sufficient velocity to 
cause, on collision with a molecule, its break-up into ions. 
This assumption, first suggested by J. J. Thomson, has been 
developed into an extensive theory by J. T. Townsend under 
the name “ionization by collision.’’ This theory has been 
widely substantiated by experiment, and is now accepted as 
the basis upon which all phenomena of electric discharge or 
conductivity of gases must find their explanation. 

While all phenomena of spark discharge are of first importance 
to the engineer,, it is probable that no single one has attracted 
so much attention of late as the corona formed on round wires. 
While experimental determination of the voltage at which 
corona appears on clean wires may be made with a high degree 
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of accuracy, including the eft'ectwS of temperature, pressui*e, etc., 
and while the values of the losses between transmission wii'es 
due to corona under different conditions may be predicted 
quite closely, it remains a fact that none of the phenomena have 
been satisfactorily explained. The experiments in substanti¬ 
ation of the theory of ionization by collision, have been carried 
out at low pressures and with parallel plate electrodes, conse¬ 
quently the results have not been directly applicable to phe¬ 
nomena at atmospheric pressure and other forms of electrode. 

Townsend has lately attempted to explain the law governing 
the appearance of corona on round wires. The explanation 
does not extend to the loss between wires, but it is important 
to all who are concerned with problems affected by the forma¬ 
tion of corona. It is largely the hope of being able to present 
an outline of this explanation to electrical engineers that has 
led to the preparation of this paper. It will be necessary, for 
a proper understanding of the explanation of corona formation 
now offered, to review briefly two or three fundamental ex¬ 
periments. 

We have already noted that the negative ion, or electron, is 
much smaller than the positive ion which is usually of the size 
of a molecule or larger. The electron moves faster in an elec¬ 
tric field, and it generates ions by collision before the positive 
ion. This may be shown by taking the curve of Fig. 1 with 
concentric cylinders, first with the inner cylinder (or wire) 
positive and then negative. In the former case, the upward 
bend starts at much lower voltage, and therefore on the theory 
of collision, the negative ion becomes active before the positive. 

We will describe two simple experiments as given by Town¬ 
send. Let ultra-violet light fall on the inner surface of one of 
two parallel plates; experiment shows that the plate will lose a, 
negative charge. Let U(^ be the number of negative ions set 
free per second by the light. If the opposite plate is positively 
charged and if the potential gradient is low, no ions will be 
produced by collision, the ions will travel to the positive 
plate, and the current will be independent of the distance be¬ 
tween the plates. If, however, the electric intensity is high 
enough the ions will produce others , by collision. Let a be 
the number of new negative ions produced by a negative ion 
ingoing through one centimeter of gas, and n be the total number 
thus resulting in a layer of thickness, x, measured from the 
negative plate: then 
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dn — n a dx 
log n = q:x -|- const. 
n = Wo 


wSince when x ~ o, n — wo- 


Thus for distances h 1 2 , etc., 
ni = Wo e^' ", W 2 = Wo e^-«, etc. 

• ^^2 fiB . .... 

. . — = —etc. = 
n 1 W 2 


The experimental proof consists in showing that the currents 
which are proportional to Wi, W 2 , etc., increase with the distance 
between the plates in accordance with the exponential law 
indicated. Also in showing that for the same pressure and 
potential gradient a: is constant for all distances. 

Again, if wo ions are produced by Rontgen rays, in the air be- 
tween two plates, a distance I apart, in a layer Jx, at distance 

X from the positive plate, a number — -are generated by the 
rays. In passing through a distance x, acted on by the elec¬ 
tric force X, these produce by collision x . 

number of negative ions reaching the positive plate is 




n 


Wo ^ dx Wo (€“ 


1 ) 


ij 


/ 


a. I 




1 he ratio w/wq is given by the currents, wo being the value when 
no ions are produced by collisions, i.e. the saturation current, 
and n the value under the electric intensity X. The proof 
of this formula is found experimentally in the facts that w/wo 
varies with I as indicated, and that a is constant for different 
values of /. 

From experiments of this nature it was found that with con¬ 
stant pressure and increasing electric force, X, a increases to 
a maximum value. This is in accord with the theorv, since a 
must have a limiting value represented by the total number of 
collisions it makes with molecules^ in passing through one centi¬ 
meter, each collision resulting in the forming of a new ion. 
Obviously a will also vary with the pressure, since, on the 
kinetic theory, the space separation of molecules increases with 
decreasing pressure. This is also proved by the experiments. 
With decreasing pressure and constant electric force, a first 
increases, since the velocities of the electrons first increase due 
to the longer time they are acted on between collisions by the 
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electric force. With further decrease in pressure the velocities 
of the electrons continue to become higher, but the number of 
molecules per centimeter of path decreases and consequently 
a decreases again. These facts are stated more generally by 
Townsend as follows: 

In passing through a centimeter in a gas an ion traverses 
free paths of various lengths between the collisions. The 
chance of producing a new ion by collision will depend on the 
velocity at impact, and this is determined by the force X and 
the -length of the path which is terminated by the collision. 
The lengths of the free paths are inversely proportional to the 
pressure, so that if the pressure is increased from p to zp all 
the free paths will be reduced to 1/s of their original value. 
If the force X remained unaltered, the velocities on collision 
would be reduced, but if the force is increased to zX the veloc¬ 
ities will be restored to their original values and the number of 
ions arising from a given number of collisions will be the same 
as before. Since the total number of collisions per centimeter 
is increased in the same ratio as the pressure, the value of cx. will 
be increased to s a:, when Z and p become zX and zp respectively 
Hence the three variables must be connected by an equation 
of the form 



The following figures in support of this reasoning are given 
Townsend as being typical of a large number of observations: 

^ = 2 mm. X= 262 volts per cm. a— 3.7 

^ = 4 " Z = 525 '' a= 7.4 

P ^ “ Z=1050 a= U.S 

The strongest substantiation, however, lies in the fact that if oc 

be determined for various values of Z and and if ~ and — be 

P P 

used as coordinates, all the points will be found to lie on a smooth 
curve, thus giving the graphic form of the equation 



_This relation between a, X and p is the concrete expression 
of the fundamental assumptions of the theory of ionization by 
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collision It is the instrument which Townsend uses most 
freely, and an instance is shown in his explanation of the corona 
i he values of a at low pressure (1 mm.) as taken from Town- 
send s results vary from 10 for Z = 1000 volts per cm. to 0.7 
at 100 volts per cm. One curve shows even lower values for a 
and X] at 1 mm. pressure and 60 volts per cm. a is 0.1. Thus 
we would deduce that at 760 mm. under a gradient of 45^000 
volts per cm., 76 ions would be produced by one electron in 
moving through one centimeter. For smaller forces the value of a 
becomes rapidly smaller, and if we recall that the sparking grad¬ 
ient in air between parallel planes at 760 mm. pressure is about 
30,000 volts per cm., the above figures indicate that sparking or 
other form of breakdown is caused by very few ionizing collisions. 
It should be noted, however, that all of these figures are taken 
from experiments at low pressure, 2 mm. to 8 mm., and the values 
of a are based on measurements of current at values of X/p, 
which would cause sparking at atmospheric pressure; conse¬ 
quently conclusions as to phenomena outside the range of ob¬ 
servation should be taken with caution. At 30,000 volts per 
cm. and 760 mm. pressure X/p is 39, whereas Townsend’s lowest 
values of X/p for air are between 50 and 60, and as stated, the 
observations were made at pressures far below 760 mm. ’ 

Spciyk Discharge. Most of the results we have mentioned 
were obtained under conditions in which negative ions alone are 
active. But the positive ions also may become ionizing agents. 
In generating ions by collision, the negative ion at each collision 
creates a negative and a positive ion. If in the experiment with 
parallel plates, the separation of the plates is increased, while 
X and p are kept constant, the current reaching the positive 
plate increases faster than is indicated by the expression Nq €“ 
which is based on the assumption that only negative ions generate 
new ions by collision. It may be shown that this increase can 
be explained on the assumption that positive ions also, if allowed 
a long enough path and subjected to a great enough force, will 
act as ionizing agents. By considering now two quantities 
ot and /3, the number of ions generated by the negative and 
positive ions respectively, in moving one centimeter, the value 
of the current may be readily calculated, and conclusions may 
be reached as to how a and /3 vary with the electric force and 
the pressure. The results are again in excellent agreement with 
the theory. 

One of the most remarkable and accurate agreements is found 
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in the matter of sparking potential. It will be readily wseen 
that when both positive and negative ions are generating ions by 
collision, if the distance between the parallel plate electrodes is 
increased while the electric intensity between them remains 
constant, more and more ions will be formed and there will come 
a distance of separation at which the ions will become self-per¬ 
petuating or the current will continue indefinitely, independently 
of the original supply of ions due to ultra-violet light or Rc'hitgen 
rays, etc. It is an important assumption of TowmsendJs theory 
that this condition is equivalent to the passage of a spark. As 
already stated, the values of the electric force and distance be¬ 
tween parallel plates for this condition as indicated by the theory 
are in practically complete agreement with the long-established 
values of the sparking potentials between parallel plates. 

Having given this brief description of Townsend's theory and 
experiments, we proceed to the explanations which have been 
offered of the formation of corona on round wires. 

The Corona. That the surface electric intensit}^ at which 
corona forms on round wires varies with the diameter of the 
-wire, was clearly shown by Ryan in 1904. In 1911 Alexander 
Russell, using the accurate figures obtained by the author and 
given in the first paper of this series, showed that the law con¬ 
necting the corona-forming surface intensity and diameter of 
wire, at constant temperature and pressure, may be expressed 
by the simple relation 

£ = 32 +~^ 

Vd 

Shortly afterward Peek, exploring the influence of temperature 
and pressure, announced the following important modification 
of the above expression, in which 5 is the density factor" 
referred to 760 mm. and 25 deg. as unity. 

(The writer’s values of the constants have been retained). 

E = 5 (Z2 + 

V ^ vrd)' 

The first attempt at an explanation of this comparatively 
simple expression appears to have been that of Russell. Noting 
that the corona sends out electromagnetic waves, Russell as- 
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sumes that these waves are the cause of the ionization, and 
that they are set up by collisions between positive and 
negative ions resulting in neutral systems. The energy of the 
original separate charges is liberated as magnetic waves. We 
may with advantage quote him directly: 

Let us suppose that n is the concentration of the positive 
and negative ions in the corona. By the molecular theory of 
gases we know that the number of collisions per second between 
pairs of ions will equal a where o; is a constant. The total 
number of collisions per second per unit length of the wire will 
be 2 7ra {a n^), and we may assume that violent ionization begins 
when this attains a certain constant value. Hence, so far as 
the size of the inner wire is concerned, the critical value of n 
varies inversely as Va. If we suppose that the value of the 
electric stress W at the surface of the corona is constant, and 
remember that the concentration n of the ions in the. corona is 
proportional to the potential gradient across it, we get 

B * 

Rtnax = R -\ - y=— 

Va 

It is evident that this point of view does not include the idea 
of ionization by collision. It appears to present several diffi¬ 
culties. For example, it does not suggest how the original supply 
of positive and negative ions is furnished, also it assumes that 
the kinetic theory of gases holds within the corona, and that the 
potential gradient throughout the corona is the same as at the 
surface of wire.- The assumption that electromagnetic waves 
can cause ionization is of course justified, (Rontgen rays, etc.) 
but the other assumptions require proof. . In spite of the at¬ 
traction of the simple explanation of the inverse square root of 
the diameter, the explanation does not appear very satisfying. 

Bergen Davis in his paper before the Institute entitled 

Theory of Corona” frankly bases his theory on the ideas of 
Townsend and in fact starts from the expression n = 
which is explained earlier in this paper. It will be recalled 
that Wo is assumed as the number of negative ions crossing unit 
area of a plane in a gas, and that under ionization by collision 
in which a. is the number of new ions produced by one ion in 
moving through one centimer, n is the number of negative 
ions crossing unit area of a plane or reaching an electrode at 
distance x. 
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Davis’s suggestion then is that under the alternating potential 
of a high-voltage wire, the negative ions, always present in 
the air, move inward on one half-wave and in so doing create 
new ions. On the next half-wave they move out, some recom¬ 
bining, but on the whole more remaining than on the foregoing 
half-wave. These in moving inward and thus reaching a more 
intense field, create more ions, the whole process being cumula¬ 
tive, until finally the number n reaching the conductor attains 
a critical value necessary for the appearance of the corona. 
In the development, the plane of no is a cylinder around the 
wire, of such radius b that the electric intensity Xo, uniform 
over all this surface, has the value of the least potential gradient 
at which ionization by collision takes place. The radius b of 
the cylinder across which no ions pass when corona forms, thus 
depends on the radius a of the wire, on the voltage jK, and 
the distance R to the opposite conductor. 

In the brief description of Townsend’s theory above, the 
values of a were studied for uniform fields of force and a was 
found to be constant as long as the electric intensity and pres¬ 
sure were constant. Obviously the electric intensitv is not 
constant in the neighborhood of a round wire, and it is a feature 
of Davis s discussion that he writes the above relation between 

h 

• 7 ^ / cc dx 

no and ol in the form — = ea , noting that since a is 

^0 

a function of X it must be a function of x, the distance from 
the center of the wire. He then introduces an expression for 
OL in terms of x as developed in an earlier paper of his own and 
supported by experiments by Bishop giving indications of the 
amount of energy required to ionize a molecule. A discussion 
of the form of the expression of a and its integration, and the 
subsequent handling of the equations, need not be attempted 
here, as the original papers may be consulted. It will suffice 
to state that after several radical assumptions Davis reaches 
expressions between radius of wire and critical intensity which 

agree closely with the experimental results of Peek and those 
of the writer. 

The discussion contains so many assumptions which cannot 
be tested that it leaves the reader in considerable doubt as to 
its accuracy. Two conspicuous difficulties may be mentioned. 
First, no account is taken of the ionizing action of the positive 
ions, although it is practically certain that in all forms of spark 
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discharge they play an important part. Second, the agree¬ 
ment between the theory and the results of experiment depends 
on the author’s assumption that the minimum ionizing intensity 
for air at atmospheric pressure has the value 26,600 volts per 
cm. All observers now agree that the value of this intensity 
is between 30,000 and 32,000 volts per cm. 

. Townsends Theory of Corona Formation. Until quite re¬ 
cently , practically all of the tests of the accuracy of the theory 
of ionization by collision have been based on experiments at 
low gas pressure. The greater part of the experimental work 
of Townsend and his co-workers has been done at pressures 
below 8 mm. of mercury. Owing to the longer free paths of 
the gas molecules at low pressures it is easier to trace the 
changes in conductivity due to the presence of ions, and con¬ 
sequently the law and resulting theory as to the nature of the 
phenomena are more readily studied and developed. It is for 
this reason that the theory of ionization by collision, as developed 
by Townsend, and as very briefly outlined above, does not lend 
itself readily to the explanation of arc, spark and other types 
of discharge at atmospheric pressure. Townsend has, however, 
applied the theory to the phenomena of spark discharge at low 
pressures and has shown a remarkable agreement between 
theory and experimental observation. In explaining the corona 
at atmospheric pressure he makes use of this agreement since 
he considers the corona a particular form of spark discharge. 

In brief outline, Townsend’s proof that the corona may be 
explained by the theory of ionization by collision consists in 
three steps : 

(1) The laws of sparking at low pressures between parallel 
plates are in accord with the theory of ionization by collision; 

(2) The fundamental relation of the theory, connecting pres¬ 
sure, electric force and the number of ions generated by a single 

ion in moving one centimeter ^ p f when applied 

to a concentric wire and outer cylinder, leads to a simple rela¬ 
tion between radius of wire, electric force and pressure which 
is in agreement with the results of experiment. 

(3) The values of electric force necessary to form corona are 
in agreement with the forces which may be calculated from 
the laws of sparking between plates. 

(J'l) All three of these steps are necessary for complete identi¬ 
fication of corona as a case of ionization by collision, but our 
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interest lies chiefly in the third. We will, however, first indicate 
briefly the agreement mentioned in the second step, omitting 
entirely discussion of the first, since the nature of the proof 
has already been suggested and further discussion would lead 
beyond the scope of this paper. 

(2) The relation mentioned as the second step of the proof 
is that when corona is formed on wires of different radii at dif¬ 
ferent pressures the product aXp is a function of aXX where 
p, a and X are pressure, radius, and critical surface intensity. 
In other words, if a and p are varied so that their product is 
constant then aX will also be constant. This relation follows 
simply by comparing the number of new ions generated by a 
single ion in moving through corresponding paths in two cases 
of concentric wire and cylinder, one in which the radii and pres¬ 
sure are a, A and p, and the other in which they are ka, kA. and 
pik. The proof need not be given here. Townsend quotes 
Watson’s results as follows, in support of the correctness of 
this reasoning; the values of p and a were chosen so that the 
product ap has the same value. 


p 

a 

X 

ap 

AX 

760 

0.1 

75 

76 

7.5 

560 

0.136 

55 

76 

7.5 

360 

0.211 

34 

76 

7.2 

760 

0.2 

61 

152 

12.2 

560 

0.272 

44.5 

152 

12.5 

360 

0.422 

28.5 

152 

12 

760 

0.5 

46.5 

380 

23.2 

560 

0.68 

35 

380 

23.7 

360 

1.055 

1 

22 

380 

23.2 


It will be noticed that the product dX is constant for ap con¬ 
stant. In a recent paper Townsend and Edmunds have re¬ 
ported observations of the corona-forming intensity on five 
sizes of wire (0.006 to 0.476 cm.) in two sizes of cylinder (1.98 
and 7.45 cm.) over a range of pressure one mm. to 760 mm. 
These results offer a much wider range for comparison than 
those of Watson. A large number of values of aX were ob¬ 
tained for each of 18 values of ap. The agreement in each case 
was very good. 

(3) The simplicity of the form of the expression connecting 
critical corona intensity with the radius of the wdre at atmos¬ 
pheric pressure has always suggested that it should have a 
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simple explanation. Townsend has been the first to offer the 
explanation. As often happens, it is simple enough to caus'd 
surprise that it has not been seen before. Further, it depends 
on the theory of ionization only insofar as does the phenomenon 
of spark discharge. Explain sparking on any other theory and 
the law of corona formation is explained on the same theory. 
It should be noted, however, that there are in reality no other 
theories of sparking which have been developed to an extent 
comparable to that of ionization by collision. 

Assuming that the electric intensity or force at the outer 
boundary of the corona is 30 kilovolts per centimeter, the mini¬ 
mum sparking intensity for air, the average intensity in the 

corona is —^— Xi, being the intensity at the surface of the 

wire, at which corona is formed. Thus on the assumption that 
corona is a form of spark discharge this average intensity 
should be equal to that required to cause a spark to pass be¬ 
tween two parallel plates separated by a distance S = c-a, 
c being the radius of the outer boundary of the corona, and a that 
of the wire. Now the law for sparking potentials between plates 
separated by small distances has long been known and is F = 

30A + 1.35, V being in kilovolts. Consequently by the above 
assumption 

^1 + 30 , 1.35 


30 + 


c — a 


The radius of the corona 6' may be expressed in terms of A^, by 
noting that forces at points outside the wire are inversely as 
their distances from the center. Thus Xi, being force at dis¬ 


tance a, and 30 that at distance c, we have c 
tuting: 


or 


aXi 

30 


1 “f“ 30 


30 + 


1.35 


a ^ ~ - 1 
(30 ^ 


= 30 + 


V 


a 


Substi- 


which agrees very closely indeed with the author’s results as 
given in the first and second papers of this series, and also 
with those of Peek and Watson. 
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Although, as stated above, it is not necessary to invoke the 
theory of ionization to deduce the above relation at atmos¬ 
pheric pressure from the laws of sparking, the same cannot be 
said when the influence of pressure is to be included. The aid 
pven us by the theory at this point is perhaps one of the most sat¬ 
isfying evidences of its correctness. We have already indicated 
that the theory shows that for the fonnation of corona Aa Ts 
a function of pa. Applying this to the above relation between 
a and Z, and expressing ^ in atmospheres, we have: 

Xia = f(pa) 

P = 1, Zi = 30 -b 

Va 

01- Zi fl = 30 a+ — 

a 

.-. Xi a = 30 M 

Vpa 

or = p(zo+ 

\ v pa/ 

This relationship was first shown experimentally by Peek, who 
verified it over a wide range. 

While the above satisfactory explanations of corona forma¬ 
tion, and the experimental results confirming them, are all 
based on the assumption and use of continuous potentials, it 
has been noted several times that corona-forming intensities 
have practically the same values for both continuous and the 
maximum values of alternating voltages. Although the exact 
identity of the values needs further proof, it is certain that, at 
low frequencies at least, practically the same law as to corona 
formation is obeyed by both alternating and continuous volt¬ 
ages. It has already been shown in these papers that the fre¬ 
quency, up to values of 2500 cycles, has little effect. The 
results of Ryan, however, indicate a pronounced effect at ex¬ 
tremely high frequencies. 

While, therefore, we now have a very satisfactory explanation 
of the first appearance of corona, there still remains the greater 
problem of the power loss above the corona-forming point. 
The results of IVEershon and Peek show, over a wide range, the val- 
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ues of the loss which may be expected on transmission lines in the 
open. Experiments are now needed on clean smooth wires, and a 
study of the results in the light of the theory of ionization by 
collision. When this is done and the results compared with 
the interesting empirical law proposed by Peek, the electric 
properties of the air at atmospheric pressure so far as they 
are of importance to engineers will be fairly well understood. 
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Discussion on The Electric Strength of Air —W (White- 
head), Deer Park, Md., June 29, 1915. 

Percy H. Thomas: May I ask a question? Suppose we cool 
a gas down to a very low temperature—presumably there are 
then no free electrons in the unelectrified air. If so, what is 
the net result? 

John B. Whitehead: So far as I know, the cooling of a gas 
does not result in the absolute disappearance of the free electrons 
present. The conductivity represented by the electrons which 
are present in ordinary atmospheric conditions is so extremely 
small that it is very hard to measure. We can understand that, 
by remembering that air is one of the best insulators that we 
have, but there is nothing in the theory as to the existence of 
these electrons—it is really more than a theory, because the 
existence of independent electrons has been shown photographi¬ 
cally—to indicate that they would, disappear. Of course, on 
cooling a gas the velocity of the molecules in their vibration, 
and their energy, will be decreased; thus the likelihood of the libera¬ 
tion of electrons will be less and consequently the number of 
electrons should be less and less. Whether thev would ever 
disappear, I cannot say, 

Percy H. Thomas: I had in mind very low temperatures, 
10 or 20 deg. above absolute zero. Presumably, if there are 
only quiescent molecules, the tendency to collision would 
be reduced enormously for these low temperatures. There 
would then be no exciting electron to be considered. 

John B. Whitehead: Suppose you carry the gas down to 
actual liquidation, you still have a liquid, and I believe I am 
right in saying that in liquid there is alwa^^s some dissociation, and 
dissociation simply means the presence of charged ions. If we 
consider the solids, and take the .extreme case of the conductors, 
there is always present a large number of free electrons. 

Percy H. Thomas: I speak of air, eliminating the question of 
liquids and solids. It would seem in the air, which does not 
liquefy until it gets almost down to zero, there is a case in which 
you would not have that dissociation of solid and liquids. 

John B. Whitehead: I do not see why if we have electrons 
free in gases at ordinary temperatures, they should entirely 
disappear at lower temperatures. 

F. W. Peek, Jr. : Dr. Whitehead has done well to bring a 
review of the several electron theories before engineers. The 
first time that such a review was made for the Institute was in 
January 1911 by Prof. Ryan. 

There are a few facts I should like to point out concerning my 
own work. My investigation of corona was begun in the early part 
of 1910. The laws of corona wjere deduced from data during the 
same year. Mention was first made of this work in an A. I. E. E. 
discussion in New York, January, 1911; the complete work done 
in this period was not published until June, 1911. 
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The visual corona law which has stood the test of a number of 
investigations, has, from the start, been more than an empirical 
one.- I wish to emphasize this point. I will compare my 
development with the recent Townsend development given in 
the paper. The reasoning given'in the development of this 
law in my June 1911 paper* is as follows: the gradient or stress 
to rupture air in bulk in a uniform field should be constant for a 
given air density or molecular spacing. This value is termed 
go, and is 30 kv. per cm. Energy is necessary to rupture insula¬ 
tion. In a non-uniform field, as that around a wire, the break¬ 
down strength of air is first reached at the conductor surface; at 
an infinitely small distance from the conductor surface the stress 
is still below the rupturing gradient. Hence, in order to supply 
the necessary finite rupturing energy the gradient at the conduc¬ 
tor surface must be increased to some higher value, g„, so that at 
a finite distance away the gradient go is 30 kv. per cm. This 
means that a finite thickness of 
the insulation must be under a 



1.0.3VT 




go” 30 


stress of at least 30 kv. per cm. 

The rupturing energy is in the 
zone between g^ and go. Since 
the field is radial the thickness 
of this zone must be a function 
of the conductor radius. 

A study of the . data showed 
that when breakdown occurred 
the stress was always 30 kv. per ' < 

cm. at 0.301 Vr cm. from the 
wire surface for all sizes of wire; 
the gradient, g^, at the surface 
was higher for small wires than large ones (r is the wire radius in 
cm.) This is shown graphically in Fig. 1 for a large and small 


^0.3\T 


Pig. 1 


wire. 


The law may now be directly written from the above 


For parallel planes or for air in bulk 


• Sv = go 

Thus the strength of air is constant and equal to 30 kv. per cm., 
but in non-uniform fields it is apparently stronger for reasons 
explained above. If the air is made less dense, that is the mole¬ 
cular spacing is changed, the strength of air in a uniform field 
should decrease directly with the air density, d. 

g'o — S go- 

♦Trans. A. I. B. E., 1911, Vol. XXX, Part III, p. 1857, 
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However, for non-uniform fields, the energy distance should also 
change, thus, 

0.301 vr<^ 5 

This' relation was predicted before tests were made. It was 
found from tests made in 19ll and published in June 1912, that 
the energy distance becomes 

O.dOl'S/ 

0 

and the complete law 


gv 


go 


5(1 + 


0.301 
'\/r 8 


) 


Thus far the form of this rupturing energy has not Ijeen con- 

^^'^tional work- 

0 ?th?s wnrV rt instrument in all 

of this work. The following application of the electron theory 

was brought out m my 1912 paper.* ^ 

freTkim conductors any 

° are set in motion. As the potential and, therefore the 

incfeaS'^^S increased the velocity of the ’ions 

gradient of go = 30 kv. per cm. (8 = 1) the 

P?th to W othl" sufficiently great over the mean free 

Son s reached strength of air. When ionic satura- 

or tiere “cMona :;il’pa?k “<» 8l°ws, 

atihf Si ‘sorflk'’llf'‘f """■ e.. is reached 

oth2 ioas bt ‘°”f "f ““iosotetl oad produce 

crara ’ u dcnsity IS thus gradually increased by 

i4ereTo^-°3rionic’^*^H* 0.301 Vr cm. from the wire surface 
nere go - 30 ionic saturation is reached or corona starts 

dSnTlf finite distance aia gra- 

tZvrZ' The^distance 

path of the’ ion? greater than the mean free 

ffistance Tfe for collisions must take place in this 

ieor ’J°y corona cannot form when the prad 

SalHlSf Stu‘s £Vt“hT“' “ ? «“ 

10 ns cannot be supplied to'bring any Snite“hh:Ss'rfIhf 
up to ionic saturation. ^ rnicKness of the air 

Peek, Jr., Law of Corona II, III, Jan. 1912, 1913, 
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^ •/ s j,o- That IS to say, energy is necessarv f-n o+Q-rt 

corona, the strength of air, should varv f I ^ ^ ^ 

cannot vary directly with 5 because the greater mean na^nfff’ 
ions at low air densities thp ^ mean path of the 

5 thus enter, ^ energy distance is necessarv. 

O tnus e^ers in the expression for the energy distance 

0.301 V-y-. There can be. no doubt that corona is spark 
from conductor to space.* 

head “ discussed by Dr. White- 


c — a = a 



Since Xi = 30 d—^ 

Va 


c — a = 0.3 Va 


as a is tl^ radius, 

0 3 Va is my “energy distance,” or the finite thickness 
tliat must be broken down in the process of rupture, 


of air 


0.3 Vr cm., 

as clearly brought out in my first paper. 

This is also true for the further development of the formulas 
when 


c - a = O.sV-4 


which is also my energy distance or breakdown distance. 

X 1 of. Ryan in his 1911 paper also referred to a ^^striking dis¬ 
tance.'’ 

This particular theory, discussed by Dr. Whitehead, assumes 
that the average gradient in a radial field produces the same 
effect as the gradient in a uniform field over the same distance; 
that coiona is spark across distance c — a>. On these assump¬ 
tions it is shown that the corona law corresponds to an empirical 
spark-over law. 

^ fi'. W. Peek, Jr., “Dielectric Phenomena in High-Voltage Engineering,” 
Chap. IV, 
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I would like to call attention to the fact that for a ware in a 

R 

cylinder, and ratio —— < e < 3, corona and spark-over are 

simultaneous though the distance from cylinder to cylinder may 
be much greater than c — a. 

Referring to loss measurements on polished wire which 



Transformer 








Load 


Fig. 3 


Dr. Whitehead suggests, such measurements liave been mcide * 
These measurements check the loss law.' 

I.might state here that early in 1912 I rectified apprecialfie 
power at 200 kv. by corona. That it w^as possible to do this 
was brought out by a stroboscopic study that I made which showed 
that the positive corona extended out a considerable distance 
trom a point, whereas the negative corona did not do so. By 




placing an electrode between two points, and connecting this elec- 
trode through the load to the neutral of the transformer, the mid 
electrode was always positive by contact with the corona stream 
one needle and then the other, from half-cycle tohalf- 
cyce.f he diagram of connections, stroboscopic photograph, 
and oscillogram of rectified current are sho wn in Figs. 3, 4 and 5. 

*F. W. Peek, Jr., “ Dielectric Phenomena in High-Voltaii'lil^^- 
cation suggested the application of this principle to rectifi- 



plate L!. 

A. I. E. E. 

VOL. XXXIV, 1915 



Electrodes 
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± -Discharge without Stroboscope 


[peek] 



Discharge with Stroboscope + 


[peek] 



+ Dischari:e with Stroboscope shifted 180 deg. - [peek] 

Fig. 4—Stroboscopic Study of Corona Rectifier 
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date mcro-seconds. I hope, shortly, to poblish these 

SO rar may seem to be very largely of a theoretical character huf 
in our lightning arrester work we find it of very coSemb? 
practical va^ue. It is annoying to place a voltlj^on a iTghtSn^ 
arrester, aM have to wait for one of these little ions to foS 
the gap. That is what we have to do. They are apparently 
floating around wide apart, and if the impressed potential on the 
arrester IS what is called the spark potential, it may be necessarv 
to wait two or three seconds until a little ion comes irthforS 

start the discharge. I wonder if Dr 
Whitehead could explain, from the work done and the theory 
given, the normal ionization of the atmosphere. Why do we 
always have about so many ions, never going much below a 
certain value? One would think that the electrons would com¬ 
bine in such a way that in some cases they would disappear 
entirely. Jkdoes not seem as though the collisions of the mole- 

electrOTs^ ^ enough energy normally to detach one of these 

f "Whitehead’s paper sets forth the elec¬ 

tron theory and the theory of corona formation clearly in terms 
possessed by the electrical engineer. The atomic theory and the 
kinetic theory of gases have long been indispensable in the 
theimodynamics of working fluids. It now appears that the 
electron theory and the theory of ionization by collision will be 
equally indispensable in the ^ electrodynamics of the electric 
fluid. The theory of ionization by collision is not a failure 
because it can account for little beyond corona formation. It is 
an infant theory, as yet, though growing rapidly. Even the 
mature kinetic theory of gases continues to grow. Many actions 
are inaugurated by corona formations. Some of them are 
rnechanical, thermal, chemical, magnetic and those of the ultra¬ 
violet light. It is too much, therefore, to expect a theory of 
ionization^ by collision to account for the aggregate results of 

the complicated array of actions and inter actions that succeed 
corona formation. 

In concluding his paper. Dr. Whitehead suggests the need of 
corona formation experiments on clean smooth wires and a 
study of the results in the light of the theory of ionization by 
collision. Thus the electrical properties of air at atmospheric 
pressure, so far as they are of importance to engineers, vdll 
be fairly well understood. In the limited sense intended, this 
is true. It is manifestly not intended to suggest that the end of 
corona studies as required for engineering is in sight. The power 
losses and injuries to insulators that may be caused by coronas, 
once they are formed, are highly dependent upon the time 
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characteristics of the voltages with which they are produced. 
Besides, such effects are dependent in part upon the electric 
properties of the air, also upon its other physical and chemical 
properties, and for the rest upon factors that attend the particular 
circumstances. 

Studies of effects following corona formation in relation to the 
time characteristics of the actuating voltage are now becoming 
important. The limited energy spark potential studies of 
Steinmetz and Hayden, the super-spark potential studies of 
Imlay and Thomas, and more recently of Creighton, and the 
line corona loss studies of Mershon, Peek and others have dis¬ 
covered and emphasized the importance of this field of investiga¬ 
tion. Recent experiments have demonstrated that the high- 
frequency sine wave voltages sustained at 90,000 will discharge 
15 in. from a blunt point to a grounded plate at one-third of the 
value of the 60-cycle voltage required to produce the same dis¬ 
charge. For an increase of one inch in the 15-in. gap the required 
increase in the 60-cycle discharge voltage was five times as much 
as the corresponding increase in the sustained 90,000-cycle volt¬ 
age. The sustained high frequency coronas have many of the 
properties of. the corresponding 60-cycle coronas, greatly exag¬ 
gerated, They may speedily damage the most refractory insula¬ 
tions, even when present to a comparatively small extent. It 
seems likely that many forms of high-voltage transients may 
produce much the same phenomena, though with lessened 
intensity. 

Every available form of voltage should, therefore, be used for 
experiment in this field. Such forms should include continuous 
voltages, sustained alternating voltages at helpful frequency 
intervals from low to high, single sudden impulses, single impuls- 
ing^ damped oscillations, intermittent wave trains of damped 
oscillations, and combinations of these with and without energy 
®'*^PP^y* Much attention has already been given to corona 
formation and effect under conditions that correspond more or 
less to those of standard operation... Air and other insulators 
must not fail unnecessarily under conditions brought about by 
accident or special practise. In many circumstances, accidents 
will produce almost every possible voltage-time variation, briefly 
sustained or as a transient. It would seem, therefore, that 
studies of the above sort, along with those suggested by the 
author, made with the guidance of the electron theory of ion 
formation and action, will lead to many useful results and the 
further growth of such theory. 

Percy H. Thomas : May I ask Prof, Ryan a question? Assuming 
we have air stressed at 90,000 cycles continuous voltage below 
the corona point in a fairly uniform field, is there any noticeable 
rise in temperature in the air in a few seconds? 

Harris j. Ryan: Not at all in the experiments we have per- 
formed. We have not undertaken any delicate means of detect¬ 
ing hysteresis in the air; that is, any heating due to the movement 
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of the thousands of electrons present per cu. cm. They are 
being moved back and forth, and there must be some heat pro¬ 
duced by them, but it is so small that in working around a good 
sized electrode, carrying high voltages, at high frequency, such^ 
heating was. very slight. We have not been able to detect 
heating through the senses in the ordinary fashion and it would 
doubtless require very delicate means of determination. 

Percy H. Thomas: That does not explain, then, the higher 
discharging power of the higher frequency voltage? 

Harris J. Ryan: No. 

Percy H. Thomas: Have you any explanation for it? It is 
most startling in the experiments you have made. 

Harris J. Ryan: I took cyclograms of the energy that is 
consumed in the flames of high-frequency coronas, and the form 
of the cyclogram indicates that the ionization is continued from 
crest to crest of the voltage waves and that it does not go out 
in the manner that Dr. Whitehead has so beautifully shown when 
you use 60 cycles per second. He has shown that it goes out 
within 0.0001 of a second. When one is using 90,000 to 250,000 
cycles per second, the crests of the waves return in less time than 
that required to extinguish the corona. The cyclograms deter¬ 
mined that the high-frequency corona was acting very much as a 
non-changing resistance. 

Percy H. Thomas : The fact that the loss in the corona varies 
as the frequency, suggests the loss of energy and heat as one of 
the explanations. 

Harris J. Ryan: At these high frequencies, the power factor 
of the charging current issuing from a conductor in corona was 
found to be about one quarter of the corresponding power factor 
found at 60 cycles. The heating does not, therefore, continue 
to increase as rapidly as the frequency, though doubtless at 
90,000 cycles the heating in the corona may be 400 times as great 
as at 60 cycles. 

L. W/Chubb: The empirical formulas in the paper use the 
constants 30 and 32 for the ultimate strength of air. I would 
like to ask Dr. Whitehead if the breakdown for small distances 
between parallel plates is not larger than this. 

J. B. Whitehead: Yes. 

L. W. Chubb: When the distance between electrodes is too 
short for the ions to attain sufficient kinetic energy to produce 
new ions by collision we assume that the potential gradient can 
be raised to a value which will ionize the air by disruption of the 
molecule. This constant, which is apparently around 50 kv. 
per cm., would seem to have a place in the formulas for sparking 
and corona formation. 

I believe that the range of application of empirical formulas 
should be stated by giving some kind of maximum and minimum 
limits for the variables involved. Such formulas derived from 
experimental results through a certain range are often misused 
because they do not show the facts in extreme cases. 
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John B. Whitehead: Only one or two of the points raised 
require answer. Before answering them I wish to say that per¬ 
haps the greatest value of the theory of ionization is that it allows 
us to base our explanation of all of these phenomena on the 
simple laws of mechanics. The only mysterious thing which we 
invoke is the presence of an electric charge and the presence of 
electric force, and if we accept these, and we must accept them, 
as they are observed facts, we can explain all gaseous conduc¬ 
tivity^ in terms of the simple laws of kinetics and mechanics. 
That ^is the ultimate aim of all physics today, not only in the 
domain of electricity and magnetism, but in all other fields 
. I think Mr. Peek and Prof. Ryan have both mentioned the 
luiportance of the time element in phenomena of this character, 
and there are already ample indications that in carrying the 
lormSition of corons, dow^n to slti GxccGdiii^ly smo^ll mtGrvQ^l of 
time WG havG hgw factors appoaring, Prof. Ryan has already 
published some of his results, and I hope there are others to come. 

I am glad to know that a further paper from Mr. Peek will 
appear shortly. 

Mr. Creighton has asked the variation of the normal ionization 
of the atmosphere. The range of variation over the whole stir- 
face^of the earth is about as 1 to 4, that is to say, the number of 
tree ions as indicated by measurements on the conductivity, varies 
within about these limits. Now, the collision of molecules is not 
the only source of free ionization. Ultra-violet light, radioactive 

substances. X-rays, etc., or^ electromagnetic impulses of any 
character,^ may increase the ionization, and in consequence the 
conductivity of air. I do not think that physicists are ready to 
gwe a ccmplete explanation of the free ionization of the atmos- 
p ere. Certain it is that part of it is due to collisions between 
molecules, but it is also recognized that the earth contains radio¬ 
active substances, which give off emanations and radiations 
these vary in different locations, thus causing a variation in the 
normal state of ionization. 


^ Mr. Chubb s question was as to whether in exceedingly small 
air gaps the strength of air is any greater than 30,000 to 32 000 

In tw the case of air gaps which are 

SO short that they are shorter than the mean free path of the 

molecules of the gas. These distances are so small that the 

expenments can be carried out only with great difficulty. Such 

phenoi^na are entirely outside of the relations we are consider¬ 
ing in the present paper. 
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THE RELUCTANCE OF SOME IRREGULAR MAGNETIC 

FIELDS 


BY JOHN F. H. DOUGLAS 


Abstract of Paper 

The development of the idea of magnetic reluctance is sketch¬ 
ed, and the mathematical and experimental methods of de¬ 
termining it are first discussed. On the theoretical side it is 
the theory of complex quantities which leads to numerical re¬ 
sults. 

The electric field of an electric generator is next analyzed 
and made to depend approximately upon the reluctance of two- 
dimensional magnetic fields. This study indicates as preferable 
the one shown in Pig. 6 at the left. 

The reluctance of these various magnetic fields is determined 
by experiments made on sheets of high-resistance metal cut in 
suitable forms, and by mathematical computation. These re¬ 
sults are put into charts and formulas convenient for the use 
of those interested in electrical design. The results of the 
tests are proved to be more accurate than most of those already 
published. In particular, present leakage flux calculations are 
most in error. 

Of more general interest are the plates of the shape of the 
magnetic lines of force in the various parts of electrical machinery. 
In particular, Figs. 42 to 48 include some new results. The 
flux lines in the corners of transformers and induction motors 
are there shown, and the exact solution to the much-discussed 
sine-wave alternator problem is there given. 

The paper is divided into (I) Introduction, (II) Historical 
Development, (III) Description of Experiments, (IV) Accuracy 
of Results, (V) Conclusions. There are two appendices giving 
some mathematical details, for reference purposes. 


I. Introduction 

TF WE apply a difference of magnetic potential between 
1 two portions of the surface bounding a region of space ^ 
a certain amount of magnetic induction will be developed. 

If no induction crosses the remainder of the surface, we have - 
a region which is a tube of induction, carrying a definite amount 
of flux and consuming a definite amount of magnetic potential 
or mangetomotive force. All such magnetic fields possess a 
definite amount of reluctance, R, which is the ratio of the 
applied magnetomotive force, M, to the resulting flux, cj), thus, 

R = M/cf) (1) 
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If there is no magnetic saturation present this reluctance is 
a constant. Only fields in media without saturation are con¬ 
sidered in the following paper quantitatively. A few flux dis¬ 
tributions in iron are, however, considered qualitatively. 

The reciprocal of reluctance is called permeance or magnetic 
conductance. It is denoted by P; thus, 

P = 1/P = 4>/M (2) 

If the lines of flux flow are everywhere parallel and the equi- 
potential sections are everywhere the same, the magnetic field 
can be said to be regular. Such a field has a reluctance which 
can be readily expressed in tetms of its dimensions. Thus, 

P = L/pt A (3) 

where L is the length of the magnetic flux path, A the area of 
its cross-section, and ix the permeability of the medium. 

The above equation can not be used for an irregular magnetic 
field, except for an infinitesimal portion of a tube of induction, 
where infinitesimal values of I, and A may be taken. Re¬ 
course must be had, therefore, to the fiindamental definition of 

reluctance in equation ( 1 ) by considering the mutual relations 
between M and <j). • 

In this paper attention will be limited to some irregular two- 
dimensional magnetic fields j that is, to fields in which the flux 
lines are all parallel to some plane surface. The results, how¬ 
ever, will be extended to apply to certain three-dimensional 
fields, by making approximate assumptions. 

Owing to the fact that there is no magnetic insulator known, 
the magnetic fields around dynamoelectric machinery are very 
irregular. There is fringing of flux in the air gap, and leakage 
flux between the poles and around the slots. As a consequence 
designers have to use various correction factors, which even 
yet,are more or less empirical. A study of the field of typical 
electrical machines was made in search of forms of magnetic 
circuit which needed study. In addition, on the mathematical 
side, various cases were canvassed systematically. Beginning 
with those simple shapes which led to simple integrals, study 
was made of all possible forms up to those which involved in¬ 
tegrals rnore difficult than the elliptic integrals of the first and 
second^'kind. Of all these cases those promising any use were 
selected for study. It was in the hope that some of the cases 
which are worked out here might be of use, that the experi- 
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ments and the mathematical work were carried out. Some 
o t e results may be of use in analogous electrical problems. 

^ The exact significance of equation ( 1 ) can best be obtained 
by reviewing bnefiy the historical development of the subject 
^acing out the ^adual unfolding of the conceptions involved! 
Ihis will form the first natural division of the subject 

The various experimental methods which have been used 
will be described and discussed in the next section of the paper. 
Before describing a set of experiments made with high-resist¬ 
ance metal strips, an analysis of the magnetic field surroundin'' 
an electrical machine will be made. ounoin^ 

The simplifying assumptions made in picking out certain 
two-dimensional fields as s-pplying to what is in reality a three- 
dimensional problem are sufficiently serious to warrant dis¬ 
cussion. Before passing on, therefore, to the conclusions, the 

accuracy of the results will be compared with that of the present 
methods. 


The detailed mathematical treatment of the problem of the 
reluctance of irregular magnetic fields, is not included in this 
paper, because of its complexity and too special interest. Never¬ 
theless the writer went over the ground, both mathematicallv, 
and experimentally, and found both methods needful for se¬ 
curing the best results. Those interested in this side of the 
subject, can consult the references given in the historical section 
of this paper. Those who prefer to use an analytical formula 
to a curve of permeance, can consult an appendix to this paper 
where the mathematical results are given. Another reason for 
their inclusion is that, while the figures were drawn carefully, 
greater accuracy might in some cases be desirable. 


II. Historical Development 

Equation ( 1 ) is sometimes called Ohm’s law for the magnetic 
circuit, from its similarity to the law of the same name in the 
electric circuit. This similarity is made the basis of the ex¬ 
periments described in this paper. Although simple in its 
final formulation, the law was discovered at a comparatively 
late date, because the ideas implied 'were of gradual groyd;h. 
The existence of a potential function, the solenoidal character 
of magnetic force, the identity between electromagnetism and 
permanent magnetism, the existence of magnetic induction 
within iron, the idea of a closed magnetic circuit, w^ere all 
needed for the final formulation of Ohm’s law for the magnetic 
circuit. 
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The existence of potential as a function whose space deri\^a- 
tives give the components of the fields of force, is due to La 
Place^, who used it with reference to the attraction of gravita¬ 
tion. The name itself is due to Green^, who proposed it in his 
prize essay published in 1828. La Place showed that gravita¬ 
tional potential satisfies the equation 

dW , d^V , d‘^V L, 

which is known by his name. This equation followed from the 
law of the inverse square of the distance discovered bv Newton. 
The suitability of such a function in the case of magnetism 
must have been apparent, because magnetic attraction was 
already recognized as a case of central forces. In 1785 Coulomb^ 
demonstrated that the inverse square law was true for magnetism. 

The application of potential to magnetic theory followed at 
once. 

In 1813 Poisson^ called attention to a limitation to La Place’s 
equation showing that it did not apply to the interior of the 
attracting body. In 1827 he derived the correct equation for 
the space within an attracting mass.® Owing to this difference, 
for a time the magnetic field inside a magnet was thought 
of as entirely different from that outside of the same. 

In July 1820 Oersted^ discovered electromagnetism, and a 
very short time after that Ampere® showed the eequivalence 
of an electric circuit with a magnetic shell. Thus, the existence 
of a magnetic potential was proved for all points of the mag¬ 
netic field except those within the magnetizing coil. The 
variation of magnetic potential within the substance of iron, 
however, was still unknown. These same experiments of Am- 
pere s furnish ed us also with the idea of magnetic potential as 

1 . Memoires de I’Academie Royal de Paris, 1782. Mechanioue 
Celeste, Book 3, Chap. 2. 

2 . Collected Papers p. 25. 

3. Principia, (1687) Book 3, Prop. 1-7. See also Thomson and Tait 

“ Natural Philosophy” Part 2, p. 9. ' 

4. Memoires de TAcademie Royal de Paris; 1785 p 583* 1788 nn 

587 and 603. » pp. 

5. Nouveau Bui. Soc. Philomatique Vol. 3, pp. 388-392. 

6 . Memoires de I’Academie de Paris Vol. 6, July 10, 1827. 

7. Schweigger’s Journal Vol. 29, p. 273. 

Chemie et Physik. 1820. Gilbert’s Annalen, Vol. 67 

I I Ns 1 1 ' ^ 
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related to an electric current. The nrn't nf 

however, came later. ‘ i- ^ poitnudL 

The concept of electric current nc • , 

. '-uirem as the universal cause nf 

magnehsm, even ,n p«„anent magnets was the last siep hi 

he development of the theory of magnetic potential."'^ J„ 

magnets revolving electrons within the atom comtitnte the 
source of magnetic potential. ® 


The idea of a magnetic flux is also of gradual grouh-li. At 
first, magnetic effects were considered as being exerted at* a 
distance and manifested^ only when iron filings, a compass 
needle, or other ma|netic body was present. However, the 
labors ot Gauss and Weber, with their charts of magnetic fields 

TZ n tangible. In 

1813 Gauss« proved that the surface integral of magnetic force 

over any closed surface is proportional to the amount of at¬ 
tracting matter within it. This he proved directly from the 
law of inverse squares. The constancy of this integral could 
not help but suggest the idea of a flux or flow of forced constant 
in amount, from one magnet pole to another. This so-called 
solenoidal character of magnetic flux was, however, reallv im- 
plied ill La Place’s equation. 

If Hx, Hy, and Hz are the three components of the magnetic 
field parallel to the three co-ordinate axes, and if the field is 
solenoidal, 



That electromagnetism was solenoidal followed at once from 
Ampere s discovery that a current was equivalent to a mag¬ 
netic shell. ^ 

In 1831 when Faraday^^ discovered magnetic induction, he 
was inevitably led by the idea of cutting lines of force to the 
conception of the physical reality to be ascribed to them. His 
experiments in 1851^^ confirmed the solenoidal character of 
magnetism within the substance of the magnet itself. The 
concept of tubes of force and of induction followed at once. 

The belief in a magnetic circuit of flux was of gradual ac- 

9. Werner v. Siemens, Wiedeman’s Annalen, ,VoL 24 (1885), p. 94; 
Larmor, ''Aether and Matter,” (1904), p. 108. 

10. Werke, Band 5, p. 9. 

11. Experimental Researches, First Series, Vol. 1. 

12. Ihid^ Vol. 3, Sects. 3077 and. 3109. 
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C 6 pt 3 .nc 6 . At first the identity of the tubes of induction out¬ 
side the magnet with those inside was not clear. The term 
magnetic circuit” was first used in 1833 by Ritchie,' and the 
term ‘^closed magnetic circuit” in 1853 by Dub^^ and De la Rive.' 
The connection between magnetic force and induction in iron 
and the distinction between them, outside magnetic substances, 
was all that was then needed before Ohm’s law for the magnetic 
circuit could be formulated. These were supplied by the 
discoverer. 

The earlier theory of induction in iron took into account two 
distinct actions going on at once. First,- there was a magnetic 
field inside the iron but due to outside influences. Second, 
there was a field due to the polarization of the iron itself. Al¬ 
though this conception is helpful, it delayed the formulation 
of Ohm’s law for the magnetic circuit. It was on the bavsis of 
this theory that the early determinations of the quality of iron 
was made. In 1854 Kirchhofli® calculated the susceptibility of 
iron from some of Weber’s experiments with an iron ellipsoid. 
In January 1873 Stoletow^^ first used the ring method of testing 

for determining the quality of iron. 

We owe the statement of Ohm’s law for the magnetic circuit 
to Rowland,who not only determined the experimental re¬ 
lation between magnetic force and induction within iron, but 
also distinguished between the two. He originated the con¬ 
ception of magnetic force as^a localized magnetomotive force. 
That is, magnetic field intensity was the gradient of magneto¬ 
motive force, rather than the flux density which would be set 
up in air, were the magnetic substance removed. The name 
of permeability as the ratio of magnetic induction developed 
in iron to that produced in other bodies is due to Lord Kelvin,^® 
who attributed the idea of magnetic conductivity to Faraday. 
However, this point of view can be traced back as far as 1821, 
when Cumming2o measured crudely what corresponded to mag¬ 
netic conductivity rather than susceptibility. This was a 
rather close approach t o the idea underlying Ohm’s law for 

13. Phil. Mag. vSeries 3, Vol. 3, p. 122. 

14. Poggendorf’s Annalen, Vol. 90, p. 436. 

15. - Treatise on Electricity, Walker’s translation, Vol. 1, p. 293. 

16. Crelle’s Journal, Vol. 48, p. 374. 

17. Phil. Mag., Series 4, Vol. 45, p. 40. 

18. Phil. Mag., Series 4, Vol. 46, p. 140, (Aug. 1873). 

19. Papers on Electricity and Magnetism, p. 484, (1872). 

20. Camb. Phil. Trans., Apr. 2, 1821. 
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the magnetic circuit. Permeab lity as the permeance of a unit 
cube is of course due to Rowland. 

Rowland also proposed, in his article, the ampere-turn as the 
unit of , magnetic potential difference. In opposition to'this 
Bosanquet« later proposed as a unit (10/4ir) of an ampere- 
turn. He also, coined the term “ magnetomotive force.” This 
unit of Bosanquet’s has persisted in spite of the priority of Row¬ 
land, and in spite of the return to the confusion between field in¬ 
tensity in air and induction in air, apparently because of the 
great influence of Maxwell. MaxwelF^ spoke of the intensity of a 
magnetic field as defined by the result of excavating a ca\dty 
in the iron of a particular shape. This “ mouse and cheese” 
theory has always been a hindrance to electrical engineers, and 
manufacturing companies have alw^ays used magnetization 
curves in the form developed by Rowland.^s Recent text- 
books^^ still disagree as to the issue thus raised. 

The term reluctance for magnetic resistance is due to Heavi¬ 
side,^® while the term permeance is due to S. P. Thompson.^® 
The use of reluctance and Ohm’s law for the magnetic circuit 
of dynamos was first brought to the attention of engineers by 
Hopkinson,^^ who however introduced a modification by using 
curves of induction plotted against field intensity, or B-H curv’-es. 
The suitability of Ohm’s law for parallel as well as series mag¬ 
netic circuits was pointed out first by Kapp.^® 

The beginning of the theory of the reluctance of twm-dimen- 
sional magnetic fields, was in the mathematical theory of 
goedetic lines of various kinds. This was next-applied to the 
flow of electric currents in two dimensions and finallv extended 
to magnetic problems. Maxwell attributes the application to 
the electric current to Prof. W. R. Smithp® and develops it 
himself in Chap. XII of his Treatise.’^ The following points 
are worthy of notice. (1) His treatment involves the theory 

21. Phil. Mag., Series 5, Vol. 15, p. 205, (Mar. 1883). 

22. Electricity and Magnetism, Vol. 2, Sect. 398, p. 24, 3rd Ed. 

23. Ayrton and Perry, Jour, Soc. Teleg. Eng. & Elec., 1886, p. 51S. 

24. Karapetoff, “ Magnetic Circuit,” 1st Ed. p. 12 andp. 266. Pender, 
“ Principles of Electrical Engineering,” Chap. II. 

25. Electrician, (London), Vol. 21, (1888), p. 27. 

26. Dynamo Electric Machinery, 4th Ed. (1892), p. 186. 

27. Phil. Trans, Royal Soc., 1886 Part 1, p. 331. 

28. Jour. Soc. Teleg. Eng. & Electr., 1886, p. 530. 

29. Proc. R. S. Edin., 1869-70, p. 79. See also Treatise on 
Electricity and Magnetism, 3rd Ed., p. 185. 
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of the conjugate functions of a complex variable. (2) Although 
this is the usual basis for the theory, his conclusions are inde¬ 
pendent of this method of treatment. (3) Part of this theory 
is essential to an understanding of the graphical and the experi¬ 
mental methods. (4) His exposition is confusing to those who 
do not care to go into the mathematical method deeply. (5) 
A brief outline of this theory is necessary. 

The reluctance of an irregular two-dimeUwSional magnetic 
field, such as OAPB in Fig. 1, is 

R = R'v/t ( 6 ) 

where v is the reluctivity or reciprocal of the permeability ju, 
t is the thickness, and i?' is a constant which depends only 
upon the shape of the field. If we always work with a thick- 
ness 

t^v ( 7 ) 

of the field, we see that R' is the 
reluctance of such a slice and is 
independent of the material. R' 
may be called the geometric re¬ 
luctance of the field.^® 

Each line of flux may be char¬ 
acterized by a number called the 
flux function. This is defined as 
the amount of flux passing between this line of flux and an 
arbitrary point or zero of reference, and within a thickness of 
the field equal to its reluctivity. The flux function at a point 
is that belonging to the flux line passing through that point. 

The geometric reluctance R' is expressible through the flux 
and potential functions. Thus in Fig. 1, the geometric reluct¬ 
ance of OAPB is 

i^VpB = (F,-7o)/(0,~-0o) (8) 

The total reluctance of a slice of any thickness can be obtained 
by combining equations ( 6 ) and ( 8 ). A study of the reluctance 
of two-dimensional irregular magnetic fields is nothing else 
than the study of the graphical and analytical relations between 
the potential and the flux functions. 

Let us consider the field in Fig. 1 as divided by lines of force 
at equal increments of the flux function A0, and alsobyequi- 

30, Karapetoff, “ Magnetic Circuit," Chap. 5, p. 93. 



Fig. 1 



191c i^OUGLAS: RELUCTANCE m-- 

4- \ r I >3 

potential lines at equal intervals A V which are equal to A<i. 
Let us consider that the field is divided also bv parallel planes 
mto laminae of a thickness t =v. The field is divided thus 
into cells each of which has a reluctance of unitv, and all the 
angles of which are right angles. Moreox^er if the intervals 
A^ and A Fare sufficiently ■ small, the curvature of the sides 
of the cells can be neglected. That each cell is a square i! 
easily seen from equation ( 3 ). Putting A = fXic, the thick¬ 
ness being t and the width of the cell being k>, we get, 

7? = (^) il) _ ' 

(t) iw) - 

Since^ t is equal to v, the length of any cell I must be equal to 
its width w. The dimensions I and w are, however, shown 
in only one of the squares of Fig. 1. The' fact that ’the fiu.x 
and potential lines form what may be termed curvilinear squares, 
is made the basis of the graphical method of determining the 
reluctance of an irregular magnetic field. 

If we consider in Fig. 1 an infinitesimal square formed by two 
lines of flux, and A^, and by the two equipotential lines 
V and F-t- AF, we can see from the geometrv of the figure that, 

dV _ dcjy ^ dV _ dcj) 

dy dx ' dx ~~ ~dy 

Functions satisfying these relations are called conjugate func¬ 
tions. By differentiating the first of the preceding equations 
with regard to x and the second with regard to y, we obtain, 
after combining. 


d^cj) d^cj) 

d^ ~d^ 


( 10 ) 


in other words the flux function, as well as the potential func¬ 
tion, satisfies La Place’s equation in a two-dimensional mag¬ 
netic field. 

The mathematical similarity between the flux and potential 
functions, suggests the possibility of transposing the roles of 
the potential and flux functions. It must be plain that, since 
the flux and potential lines form squares rather than rectangles, 
there can be no reason, why one set of mutually orthogonal lines 
need be chosen as flux lines rather than the other. Thus for 
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every two-dimensional magnetic field, there is an exactly 
similar field in which the roles of the two sets of lines is com¬ 
pletely interchanged. 

Inasmuch as it is possible experimentally to trace out only 
one set of these lines, it is very convenient by transposing the 
field to obtain the other. Very considerable Use was made 
of this principle in making the experiments described in this 
paper. . 

The tnatheniatical. methods used in treating the problem 
involves the use of complex numbers such SiS x+ V— 1 y or x+jy; 
and more particularly the use of functions of these complex 
variables as representing the equations of the lines of force and 
the equipotential lines. The idea of giving a geometrical 
signification to the square root of a negative number is due to 
Argand^S who suggested in 1806 that X+jYoTX+ V~1 Y could 
be represented by a point with the co-ordinates X and F. 

The importance of the-theory of complex numbers lies in 
the fact that, if we equate, 

W^<t>+jV^F(X+jY)^FXZ) (11) 

we obtain two functions of X and F, that is </) and F, which are 
conjugate to each other .^2 Thus 0 and V are related to each 
other as a two-dimensional fiux function and potential function. 

The properties of rational algebraic and trigonometric func¬ 
tions of a complex variable were familiar to Cauchy and Euler, 
but precise ideas of what constituted functionality were lack¬ 
ing until Rieman.®* In 1799 Gauss^^ proved that all functions 
of a complex number were themselves complex numbers. Thus 
graphically, for every point (X, F) in the Z plane there is a 
corresponding one (0j F) in the W plane. Equation (11) can 
be thought of as transforming any figure in the W plane to a 
corresponding figure in the Z plane. 

In 1822 Gauss®® proved that the transformations effected by 
equations of the type of equation (11) were conformal; i.e. the 
angular relations were preserved and* the corresponding in- 

31. Essaisur une mani^re de represents les quantities imaginaires 
dans les Constructions geometrique. ; 

32. Rieman, Gessamelte Werke, p. 5, see also Webster, Dynamics 
of Particles and of Rigid, Elastic and Fluid Bodies, p. 522. 

33. Chrystal, Algebra 4th Ed. 1898, Vol. l, p, 253. 

34. Gessanielte Werke, Vol. 3, p. 1. 

35. ibid, Vol. 4, p. 192. 
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fimtesimal parts of the two diagrams were similar. For instance 
111 the equation, 

i f= F(Z+jT) (12) 

we may reprd the function F{ ) as transforming an irre-ular 
conductor m the {X, Y) plane into another conductor in the 
( , yp plane. These conductors are equivalent since the 
equipotential and flux lines in one conductor are all changed 
conformally in the new conductor; that is, without changing 
the shape of the enclosed cells of reluctance. In particular in 
equation (11), the lines in the Z plane formed by the lines 
0 = 0, 1, 2, etc. and F = 0, 1, 2, etc. are small curved squares, 
and any rectangular conductor bounded by flux and equipoten¬ 
tial lines is converted into an equivalent irregular conductor. 
If one tries a few simple functions of (X -f jY), and plots the 
curves of cousts-iit cj) 3,rid. V^ he C3,ii quickly convince himself 
of the truth of the above statements. The importance of this 
principle to the theory of the reluctance of irregular magnetic 
fields, is that it furnishes a means of converting- irregular into 
rectangular conductors, of which the reluctance is known. 


In 1825 Gauss^® showed that every conformal change could 
be represented by equation (12) provided only that the proper 
functions be found. This was equivalent to proving that every 
irregular conductor could be converted by this equation into 
an equivalent rectangular conductor. While it woi^d be more 
convenient to make this conversion directly, it is generally 
found necessary to make the conversion in two steps through 
an intermediate irregular conductor equivalent to both. A 
conductor whose only boundary is an infinite straight line is 
found to be a most convenient intermediate form. 

As a simple example of the use of the above method, let us 
take the function, 

(i> + jV = {X + jYY] cj) = ; F = 2X7. 


The lines of flux and equipotential are mutually orthogonal 
hyperbolas. We can use this function therefore to find the 
reluctance of any figure bounded by these lines, such as that 
in Fig. 2\ Thus 

2.5-5-2.5-(-5) 100 _ I 
( 32 - 02 )-(02-^02) 9 9 


36. Schumacliers Astr. Abh. 1825, Ges. Werke, Vol. 4, pp. 189-216. 
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From the point of view of equivalent conductors, the above 
equation may be said to convert the irregular conductor in 
Fig. 2 into the rectangle V = 50, F = — 50, <^> = 0, and </) = 9. 
The method illustrated by this problem has its limitations; 
for the proper function needed to suit a particular boundary 
is not always known. 

The transformation of a polygonal area conformally into a 
half plane has been known since 1867, and is due to Christ¬ 
off eP^ and Schwartz,^® This is equivalent to converting a 
polygonal conductor into its equivalent conductor having a 
straight-line boundary. We are then able to find its reluctance 
easily by converting it a second time by the same theorem into 
a rectangle. 

Let it be desired to convert the polygonal conductor shown 
in Fig. 3 into its equivalent conductor consisting of an infinite 



Fig. 2 





Fig. 3—Diagram Illustrating 
Schwartz's Theorem 


half plane with a straight line boundary. Let Z ~ {X jY) 
be the co-ordinates of any point in the polygonal conductor, 
and let / = ^ + jrj be the two rectangular co-ordinates of the 
corresponding point in the equivalent conductor with the straight 
line boundary. Then Schw'-artz’s and Christoff el’s theorem 
states that 

J A b. In 

{t- 4) . (t- tn)^ dt (13) 

where 0i, 02 , etc., are the angles shown in the figure, being plus 
when measured toward the right and minus when measured to 
the left. The con stants h, ^ 2 , etc., at the corners of the boundary 

37. Annali di Matematica, Vol. 1, (1867), p. 89. 

38. Crelle, Vol. 70 (1869), p. 105. See also, J. J. Thomson, Recent 
Advances in Electrictiy and Magnetism” p. 208. 
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are the co-ordinates of the corresponding points in the straight 
line boundary of the t plane. Three of these constants are 
arbitrary, and the remainder are determined by the geometry 
of the polygonal conductor. The constant C determines merely 
the size and orientation of the equivalent conductor as a whole. 
There is of course another equation similar to equation (13) 
which transforms the conductor in the half t plane into a rec¬ 
tangular conductor in the W plane, whose co-ordinates are <h 
and F. 

When the equations of the lines of force and equipotential 
surfaces are desired, it is necessary to keep the signs and argu¬ 
ments of the various terms in equation (13) perfectlv correct. 
^ hen, however, the reluctance or resistance only of the irregular 
field is desired, without regard to the shape of the flux and equi¬ 
potential lines, a simpler method may be used. In this case we 
integrate equation (13) without regard to argument, using 
only the moduli of the various terms, from one corner of 
the figure to another. In other words, the equation is inte¬ 
grated from ti to / 2 , ^2 to ^3 etc. This method makes graphical 
integration possible. 

The first use of Schwartz’s and Christoffeks theorem for an 
electrical problem was made by Kirchhoff^® who used it to de¬ 
termine the capacity of plate condensers. The first suggestion 
of using the method in magnetic phenomena is due to F. W. 
Carter,^® who adapted Kirchhoff’s and Thomson’s results to the 
pole-tip fringing in an electric machine. J. J. Thomson^^ used 
the method in his book Recent Advances” to find the capacity 
of the guard-ring electrometer and F. W. Carter^^ applied the 
result with some improvements to slot and air.-duct fringing. 
The results are limited theoretically to the case of infinitely 
broad teeth, and infinitely deep slots. O. H, Lees'^^ has de¬ 
termined the effect of a sudden change in the width of a con¬ 
ductor upon its resistance. He also found the effect of a narrow 
saw-cut on its resistance.^^ The writer has applied the method 
generally to check his experimental re sults. Since these com- 

39. Monatsberichte der Akad. der Wiss. zu Berlin, Vol. 15, p. 144. 
See also J. J. Thomson, " Recent Advances" Chap. 3, Section 238. 

40. Inst. Elec. Eng. Jour. Vol. 29 (1900), pp. 925-933. 

41. Chap. 3, Sect. 241, p. 227; and Sect. 243, p. 233. 

42. Electrical World and Engineer, Vol. 38 (1901), p. 884. See also 
Inst. Civil Eng. Proc., Vol. 187 (1912), p. 311. 

43. Phil. Mag., 5th Series, Vol, 16 (1908), pp. 734-739. 

44. Phys. Soc. Proc., Vol. 23 (Aug. 1911), Pp. 361-366. 
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putations are not included, it should be stated that the agree¬ 
ment was in all cases very close. 

An application of this theorem to hydrodynamical problem 
has been made by Mitchelh^ and Love^®. There are a few 
other more or less complicated cases where Schwartz’s theorem 
has been applied, but these will not be quoted because they 
seem to be mostly of academic interest. 

For irregular conductors bounded by circular arcs, reference 
may be made to Forsythe, “Theory of Functions,” 2nd ed., Art. 
271, p. 644. For the flux and potential problems in thin curved 
sheets, see Darboux, “ Theorie General des Surfaces. 

The reluctance or resistance of irregular flelds in three di¬ 
mensions does not in general admit of solution. Indeed, there 
is not such thing as a flux function, except in a few cases. One 
of these is when the bounding surfaces and all the flux and po¬ 
tential lines are in surfaces of revolution. These cases are fre¬ 
quently met with in electrostatic problems, and therefore offer 
scope for future work along these lines. The following refer¬ 
ences are given to aid further study 

Closely allied to the analytical method of conjugate func¬ 
tions is a graphical method due to L. F. Richardson^^ and to 
Dr. Th. I>ehman.®® It is quite fully developed by these authors 
for a two-dimensional field. It depends essentially upon the 
fact that the small square cells of such a field can be quite ac¬ 
curately drawn by the judgment of the eye, and also upon 
the fact that it is easy to adjust them correctly by the use of 
a pair of dividers. In this way A^arious irregular fields can be 
drawn, and by counting the number of squares in series and 
in parallel, the» reluctance of the field can be obtained. Mr. 
Richardson points out how the method may be used in the 
case of irregular fields bounded by surfaces of revolution, and 
also to the case of bodies made of a material showing saturation. 
Use was made of this method in drawing Fig. 26. 

A very striking experimental method of determining the 

45. Phil. Trans; Royal vSoc., .1890 part A,'p. 389. 

46. Proc. Camb. Phil. Soc., Vol. 7 (1891), p. 175. 

47. Vol. 1, Book 2, Chap. 4, pp. 170, 176-180. 

48. Stokes. “ On the Steady Motion of Incompressible Fluids” 
Camb. Phil. Trans. Vol. 7, 1842: Math, and Phys. Papers, Vol. 1, p. 15. 
Sampson. “ On Stokes’ Current Function” Phil. Trans. 1891, Part A. 

49. Phil. Mag., Series 6, Vol. 15, Feb. 1908, p. 237. 

50. E. T. Z. Vol. 30, (1909) pp.'995-1019. Lumiere Electrique, Vol. 
8,- No. 43, p. 403. 
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shape of the lines of force in a magnetic field is due to Hele- 
Shaw, Powell, and Hay^^, using the property that a viscous 
fluid in steady motion flows according to the same laws as an 
electric current. In order to render the stream lines visible, 
they injected thin lines of coloring matter. They controlled 
the permeability of the medium, by varying the thickness of 
the layer of fluid. They determined in this way the field re¬ 
sulting when cylinders, rings, toothed and shuttle armatures, 
and other variously shaped bodies are introduced into a magnetic 
field. They checked in this manner the theoretical work done 
by Carter.®^ They were followed by Dr. W. M. Thornton,®^ 
who used the method for determining the flux distribution in 
the armature cores of electrical machines. These plates are 
reproduced in a paper by Hansen before the A. 1. E. An 

application of the same method for determining the electro¬ 
static fields in a three-phase cable has been made by Thornton 
and Williams.®^ 

In order to use the above method to determine the actual re¬ 
luctance of an irregular field of force, measurements were made 
of the pressure of the liquid supply, the quantity of flow, and 
the coefficient of viscosity. 

The most useful experimental method of ■ determining the 
reluctance of irregular magnetic fields, is to make use of the 
similarity of the electric and the magnetic circuits, and measure 
the rCvSivStance of the corresponding irregirlar electric circuit. 

Kirchhoff’'^*’ was the first to propose determining the equi- 
potential lines and rcvsi stances of an irregidar two-dimensional 
electric current field, by the use of a specially cut sheet of metal 
and specially fastened electrodes. Application of the method 
to other cases was made by G. Carey Foster and Sir Oliver 
Lodge®’^ in 1875, who gave a good bibliography of this part of 
the subject. Gaugain^^ modified this method by msing liquid 
conductors such as mercury, zinc sulphate, and copper sul¬ 
phate. W. G. Adams®^ developed KirchhofFs method, making 

51. Electrician (London), Vol. 54, Nov. 25, 1904, p. 2i:k Phil. 
Trans. Royal vSoc, Vol. 195, 1900 Part A, p. 303-327. 

52. Electrical World and Engineer, Loc. Cit. 

53. Jour. Inst. Elec. Eng., Vcl. 37 (Feb. 26, 1906), p. 125. 

54. A. 1. E. E. Trans. Vol. 28, June 30, 1909, pp. 993-1001. 

55. Engineering, Vol. 88, Aug. 27, 1909, p. 297. 

56. Poggendorf’s Annalen, Vol. 64 (1845), p. 497. 

57. Proc. Phys. Soc. of London, Vol. 1, pp. 113-193. 

58. Ann. de Chemie et de Physik, No. 3, Vol. 64, 1862, p. 200. 

59. Proc. Royal Soc. 1875, Vol. 23, p, 280. 
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suitable for three dimensions, and using liquid instead of solid 
conductors. 

The use of an electrical experiment upon thin sheets of an 
electrical conductor, for determining the reluctance of the 
corresponding magnetic fields was proposed by F. W. Carter®^ 
in 1901. He himself, however, used only the mathematical 
method. He also proposed the use of the conjugate character 
of the flux and potential functions to determine the shape of 
the lines of force. Since a millivoltmeter can only be used to 
trace equipotential surfaces, if we desire to trace lines of flow, 
we must contrive to interchange the two sets of lines. Mr. 
Carter proposed cutting a metal strip, to the shape of the de¬ 
sired irregular magnetic field, but to solder the electrodes to 
those parts of the boundary which were flux lines. The re¬ 
maining or dcvsired equipotential portions of the boundary were 
to be left free. In this way, an interchange of the roles of flux 
and potential functions is secured upon the boundary, and con¬ 
sequently throughout the rest of the strip also. 

The suggestions of Mr. Carter were first carried out by Mr. 
C. H. Smoot®^ who used the method to check experimentally 
the reluctance of a case solved theoretically by Mr. Carter. 
He applied the method, also, to get the flux distribution in the 
air gap of an alternator. Both suggestions of Mr. Carter were 
used by the w'riter in the tests described in this paper. 

An application of the similarity of the electric current field 
to the electrostatic field, has been made in 1913 by Fortescue 
and Farnsworth^^, who used a three-dimensional electrical model 
of various irregular electrostatic fields. Recently R. Forster®^ 
has developed a method of determining the electrostatic field 
which he applied to a three-phase cable. He used a conduct¬ 
ing liquid, and to avoid polarization, inverted the functions of 
the galvanometer and battery circuit of a Wheatstone bridge. 
The method seems to have points of similarity to one of those 
used by G. Carey Foster and Sir Oliver Lodge. 

III. Description of Experiments 

In order to determine the reluctance of various irregular 
magnetic fields, use was made of the similarity of the electric 

60. Electrical World and Engineer, loc. cit. 

61. Jour. Western Soc. Eng. Vol. of 1905, p. 500. 

62. A. I. E, E. Trans., Vol. 32, Part I (1913), p. 893. 

63. Archiv fur Elektrotechnik, Vol. 2, 1913, No. 5, pp. 175-180. 

64. Proc. Phys. Soc. of London. Loc. Cit. 
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magnetic circuits, and of the conjugate character nf 

the flux and potential lines. The resiTtan^t.. r • ^ ^ * 

sheets of metal were measured ^ rre^uiar 

j i-ipon an apparatus shown in 

Pig. 4, and the eqmpotential lines were also traced out. This 
0^0 1 *\° ?™T ™il4i- ■"•gnetic 

ncid, and the shape of the lines of force 

^ Measurement of the resistance consisted in setting the stvlus 

attached to the terminals of the millivoltmeter alternatelv on 

the two points between which the resistance was desired,'and 

adjusting the terminal on the slide Mre for a null reading. 

This was easily done, as the milHvoltmeter had a zero center 

and both a ten and a hundred millivolt scale. Readin-s were 

taken of the two ammeters and of the settings upon the slide 
Wire. 


The main cuirent and the current in the slide wire were 

maintained constant to suit 
frequent calibration tests. 
Since the absolute resivStance 
was not desired, but only the 
geometric resistance, calibra¬ 
tion of the meters was not 
made. The calibration of the 
slide wire was effected check¬ 
ing it against a regular or 
rectangular sample cut from 
the same sheet as the irregular 
sample, and ruled into exact 
squares. In this way identical thickness was secured between 
the irregular sample and the sample for calibration. The current 
in the slide wire was adjusted so that the drop in twenty centi- 



Fig. 4 —Diagram of Connections 
Used in Experiments 


meters was twenty millivolts. This current was held rigorouslv 
constant. The main current was adjtisted carefully at each cali¬ 
bration so that the drop in one square of the calibration sample 
was equal to that of approximately twenty centimeters upon 
the slide wire. In any case the exact drop in the calibration 
sample K was noted. In other words a drop of K centimeters 
on the slide wire was equivalent to one unit of geometric re¬ 
sistance or reluctance both in the regular calibration sample, 
and the irregular sample for testing. Thus to find the resist¬ 
ance between two points 1 and 2 at which the slide wire settings 
were Vi and F 2 , we divide the difference of the settings by K, 
Direct deflection of the millivoltmeter was not used, except 
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when, under special circumstances, a range beyond that of the 
slide wire was required. For this reason a drop of twenty 
millivolts per twenty centimeters of slide wire was chosen so 
as to make extrapolation easy. 

In most of the problems investigated it was desired to de¬ 
termine the shape of the lines of flux, while the millivoltmeter 
could only trace equipotential lines. Hence the roles of the 
flux and equipotential lines was transposed, by fastening the 
electrodes to only those parts of the boundary which, in the 
magnetic problem, are flux lines. In this way the millivolt- 
meter can be used to trace the flux lines. The resistance, as 
measured in this way, is really the geometric conductance or 
permeance of the problem which it is desired to study. Thus 
we have for computing the permeance the equation 

P = (F, - V,)/K (14) 

In tracing out the equipotential lines upon the test sample, 
the slide upon the slide wire- was set upon a suitable point 
and the stylus which touched the plate was moved about so as 
to find points for-which the milli voltmeter deflection was null. 
The stylus was carried by a pantagraph and thus the lines of 
force were drawn at once. The slide wire settings were usually 
varied four centimeters at. a time; so that each strip, marked 
off in this way, could be divided graphically into five cells of 

. was not invariably followed; and 

always at any singular point, such as at a corner, an extra line 
was traced. While experiments-were in progress, the use of a 
pantagraph for tracing equipotential surfaces was described by 

Fortescue and Farnsworth in their A. 1. E. E. paper mentioned 
above. 

The metal selected for testing was an alloy made by the 

-Driver-Harris Co. by the name of therlo.’’ The sheets w^re 

approximately 10 mils thick, (f mm.). The specific resistance 

was approximately 40 michrohms per centimeter cube. This 

metal was selected because of its high specific resistance, small 

temperature coefficient, and low thermoelectric power when 
used with copper. 

The first tests were made to test for thermal effects, which 
were found to be negligible. The samples were clamped be¬ 
tween heavy copper terminals, projections having been left upon 

ose e ges o the sample which it was desired to maintain at a 
constant potential, 
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The next tests were made to detemiine the effect of contact 
resistance drop between the test sample and the copper clamps'. 

e drop was found to be considerable and steps were taken 
o reduce it. First the copper terminals were cleaned with 

rXc^t thiri'^'"' partly amalgamated. The drop was 
educed m this way considerably, so that regular tests were 

egun In order not to include the contact resistance drop 

he .potential was read upon the therlo sheet, but very close to 

e copper electrodes. To facilitate this work, a fine line was 

_u ed upon the metal sheet on which the potential was desired 

to'thiriine clamped very near and parallel’ 

It was noted, in cases where the clamps were so placed that 
' ® entered the metal sheet non-unifonnly, that the 

potential along the desired equipotential line varied, because 
of a varying contact resistance drop. Upon comparing the 
results wrth those calculated from the mathematical theory 
certain discrepancies were discovered. Search was made for 
constant errors, and found in excessive contact resistance, and 

samples. Also, in certain cases, 
ickness measurements were made rather than the equalilv 

sLh a sm Tl test samples secured. In 

in error this was of necessity somewhat 

Shane of th! r f believed, however, that the 

the sn.!- K r® substantially accurate, even if 

the spacing between them is only approximate 

wa/ ^ybaped template after it was tested; and this rectangle 

made^S did ^ ^ number of tests 

fhe Itfi ""“n '^^"^’^able to solder the electrodes directlv 

0 the therlo sheet in order to secure a low contact resistance 

because, in each sample tested, the electrode was cut to a smaller 

Ty Tafefitor- TU ' f 

ry satisfactoiy. Thin strips of copper about five mils thick 

r’^whSTh t accurately adjacent to the line 

on which the potential was desired. This combination was 

ckrnped between the heavy electrodes. The double thickness of 

dron ^be contact 

cooLfstrf^^ conducting 

^+ 1 , seived to redistribute the current before it entered 

the therlo test sample. Even when the current entered the 
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therlo sheet more in some places than in others, the voltage 
setting along the desired equipotential line hardly varied at all. 
This was in marked contrast to the first series of tests. In this 
way not only was the difficulty of contact resistance overcome, 
but in such a manner that the work was rapidly clamped, mea¬ 
sured, undamped, cut to a new size, and occasionally resoldered. 

A few irregular test pieces were measured and found to give 
results in complete agreement with the mathematical theory. 
It was believed then that the constant error was eliminated. 
In one of the last series of tests, it became necessary to solder 
several sheets of therlo together, in order to obtain a template 
of sufficient size. Owing to warping and the presence of oxide 
the seam had to be very wide, and the sample was, therefore, 



Pig. 5—Plux Distribution around an Electric Machine 

heterogeneous. As a consequence some constant error in these 
tests is to be expected. Fig. 25 shows the arrangement in this 
case, together with the method adopted in laying out an irregular 
template and trimming it to size. 

Fig. 5 shows roughly the general character of the lines 
of force around a multipolar electric machine. It is apparent 
that the lines of force are not parallel to any one plane, except 
perhaps in the air gap. Nevertheless the sketch suggests vari¬ 
ous irregular two dimensional fields, which are at least approxi¬ 
mations to the actual field. In Fig. 6 is showm the various sub¬ 
divisions of the field of an electric machine, which result from 
imagining the lines of force guided by certain surfaces. At 
the right is shown the best assumptions as made at present, 
while at the left is shown another method, which will be shown 
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the assumDtiom^^'^V° accurate. It will be noted that 

^ *1>= various 

able for 1 f flux distributions, suit- 

Another point 

sources of errn f "S^t shows some obvious 

supposed to n^’ 
the field is the ^ 

eld is the more cramped of the two. In the exnerimpn+fll 

r°th ““wetic fields shown in Fig. 6 

Stioi ““"» 

as the worV interest suggested themselves 

qvi, £c P^*^grsssed and were investigated. 

e effect of the slots and teeth upon the value of the air- 




l-Pofe'tip ElECTKIC MACHINE 

n leakage fringe « a flank fringe 

-j—Pole side leakage o Armature core 

4 Pole flank leakage n P<^lo core 

5-Pole shoe flank leakage in . 

iU—Pole shoe and pole tip 

.£iap reluctance has been partially investigated bv F. W. Carter 

and reported in the Electrical World.^K He assumed infinitelv 

deep slots and infinitely wide teeth, and neglected the effect 

le notches cut to receive the wedges. These factors are 
reported on here. -luese lactors are 

of t s!ofr ] distribution in. the air gap 

was cut „ the tom, show., by the letters «, i, c, d, e,) the .k" 
rode being soldered to the strip at the lines ab and L When 

force 3 trlSd’^Tb 'T"®’' "“P’ of 

sured resistanop 2 pantagraph as shown. The mea- 
_^ed resistan ce gave the perm eance of the flux from the tooth 

65. Loc. cit. ~ —-- 
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ends and that in the tooth fringe combined. Since this com-^ 
bined permeance depends upon the tooth width, 2x, we usually 
desire to find the excess or fringe of this permeance. That ivS, 
the fringe permeance is the amount that the total permeance is 
in excess of that which might be expected to pass from the ends 
of the teeth, under the assumption that the lines of force were 
all, radial. In Fig. 7 the permeance of the fringe is calculated 
from experimental values by the formula, 




( 16 ) 


Here {Ve—V^ jK is the total measured permeance, and 2x/g is 
the apparent permeance directly between the teeth and the pole 
surface. 

In Figs. 7 and 8, g represents the air gap, 5 the slot width, 



Pig. 7—Tooth Fringe Flux for Fig. 8—Tooth Fringe Flux for 
Small Air Gap Large Air Gap 


D the slot depthj d the angle between the tooth side and end. 
In general, the syihbols used will be clear from reference to the 
figure. The dotted lines labeled a, b and c represent three 
shapes of notches cut to receive the slot wedges. These notches 
in the test pieces were cut to a depth of 20 per cent of the slot 
width on each side. 

Some of the data together with computations are shown in 
Table I; the results are plotted in Fig. 9. In addition the effect 
of the depth of the slot, and the inclination of the tooth tip 
were studied and these results plotted in Figs. 9 and 10. 

It is to be noted, that the effect of the depth of the slots is 
negligbile until the depth is less than the width. Also, it is 
apparent that the presence of a notch has little effect unless 
the tooth tip forms an angle less than 90 deg. The data for 
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the other cases studied were worked up in exactly the same 
way, and will not be included in this paper. ^ 

TABLE I. 

DATA AND COMPUTATIONS FOR DETERMINING FRINGE PERMEANCE 

FROM TEETH. 

Calibration: 

Meter Ai read 12.0 amperes. Meter Ai read 32 millivolts. 

Dfop in one square of calibration sample equaled 19.95 centimeters drop on slide wire. 
Thickness of sample 9.6 mils. 

Test Data and Computations. 

(1) Effect of shape of armature slot, when 7> > S and x — 

Ve-Vg Jx 
19.95 g 

1.71 0.400 

1.79 0.4 

1.80 0.4 

. 1.805 0.4 

4.69 2.0 

4.90 2.0 

4.93 2.0 

4.93 2.0 


(2) Effect of depth of armature slot, when S'g - 8, S = 10, and a; » 1. 


D 

g 


V, 


2x 

P-f 

D 



• c 

19.95 

g 


S 

15.0 

1.25 

12.5 

103.2 

4.535 

1.60 

2 .935 

1.50 

5.0 

1.25 

12.1 

105.2 

4.650 

1.60 

3 050 

0.50 

2.5 

1.25 

12.3 

113.7 

5.070 

1.60 

3 470 

0.25 


Note: Shapes a, b and c refer to the shapes of the tooth-tip shown in Figs. 7 and 8. 
Shape d is rectangular pole tip without any notch cut for the slot wedge. 


The curve in Fig. 9 for infinitely narrow teeth, and that in 
Fig. 10 for various depths of slots, were obtained mathematically 
and not experimentally. It is interesting to note that whether 
the teeth are infinitely wide or infinitely narrow the fringe per¬ 
meance is nearly the same. Experimental results for moderately 
wide teeth agreed more closely with the curve for infinitely wide 
teeth. 

The practical effect of the slots is to increase the air-gap 
reluctance, or to decrease its permeance. We may think of 
the effective area of the flux as decreased, and the ratio of this 
decrease as the air-gap factor Ka- 

The effective area is very readily computed from the cu ves 
of permeance in Figs. 9 and 10, by multiplying the permeance 


Pf. 

S 

g 

1.31 

2.0 

1.39 

2 

1.40 

2 

1.405 

2 

2 69 

7.0 

2.90 

7 

2.92 

7 , 

2.93 

7 



Shape 

5 

g 


(a) 

10.0 

5.0 

9.9 

(b) 

10.0 

5.0 

9.7 

(c) 

10.0 

5.0 

9.7 

(d) 

10.0 

5.0 

9.6 

(a) , 

7.0 

1.0 

12.2 

(b) 

7.0 

1.0 

12.6 

(c) 

7.0 , 

1.0 

13.1 

(d) 

7.0 

1.0 

13.8 
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Pf by the air gap g to get the amount* to be added to the width 
of each tooth for /ringing.®® Anal^^tically the tooth fringe M is 

A/ = PfX g (16) 

On the other hand, we may think of the average length of 
the lines of force in the air gap as increased in the ratio Ka. 



Fig. 9—Fringe Permeance from Sides of Teeth to Armature 

(Deep Slots) 

1. Infinitely wide teeth. 2. Infinitely narrow teeth. 

This point of view is perhaps the most helpful when the air gap ■ 
is long, for two reasons. In the first place, with a long air gap 
the ratio of Sf g is small and Figs. 9 and 10 are inaccurate. In the 
second place, a theoretical investigation showed that the width 
of the tooth had an important effect in this case while 
the size of the air gap was unimportant. Th e results of this 

66. For example see Karapetoff, “ Magnetic Circuit”, Chap, 5 , p. 93. 
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investigation are shown in Fig. 11. The excess length to be 
added to the air gap is obtained by taking the reluctance R from 
the curve and multiplying it by the tooth pitch, X. Analytically 
the excess air gap with A<^ is 

Aa = R,\ (17) 

That the width of the teeth has an important effect upon the 



Fig. 10—Fringe Permeance from Sides of Teeth to Armature, 

FOR t/g = o 

air gap reluctance for long air gaps, is seen by comparing with 
the approximate curve also shown in Fig. 11. This approxi¬ 
mate curve was calculated from the formula for Fig. 9, curve 
2, for a small ratio oi S/g. 

The case of the air gap of an induction motor is one that 
proved too difficult for the writer’s power of analysis. How¬ 
ever, it is a case that might well be studied from the experi- 
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mental side. It has been partly solved by F. W. Carter,®^ in a 

footnote of an article on Magnetic Centering of Electrical Ma¬ 
chinery. 

The various approximate formulas for air-gap factor are. 
now of little interest; a short bibliography, however, is given.®® 
Because of desired economy of space a detailed description 
of each experiment will not be given. In each case the shape of 



the template cut for testing can be seen by referring to the figure 
givmg the shape of the lines of, force. The portion outlined by 
the letters a, b, c, d, e, f in each case gives the shape of the test 
67. Proc. Inst. Civil. Eng. Vol. 187, (1912), p. 311. 

Electrique, Vol. 9, (1900), pp. 377-379. Muller, 
frC'J" ^ ® P- 1103. Wall, Inst. Elec. Eng. Jour. 

°Aof^’ Eailhe, Electrician (London), Vol, 62, (1909)’ 

p. 494. Rezelman, Lumiere Electrique, Vol, II, (1910), p. 202. 
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piece, the electrodes being soldered to the lines ah de. 
In each case data were taken in a form similar to Table I, and 
the permeance calculated' in the same manner. In all cases the 
curves of permeance were calculated by means of the mathemat¬ 
ical method as well as the experimental method, and in all 
cases the results were found to agree very closely. Any special 
features differing from the aboA^e are specially mentioned. 



Fig. 12— Shape of Pole-Tip Fig. 13— Shape of Pole-Tip 
Fringing Flux Fringing Flux 


The magnetic field in the interpolar regiohs of a dynamo is 
shown in Figs. 12, 13, 14, and 15. The flux which leaves the 
pole h c d is composed of two parts. The one which passes to 
the armature directly between a and f is the useful flux, while 
the rest between / and e passes directly from pole to pole and is 
leakage. Just as the useful flux may be divided into the air 
gap flux, and the pole tip fringe, so the leakage flux may be 



Fig. 14— Shape of Pole-Tip Fig. 15— Shape of Pole-Tip 

Fringing Flux Fringing Flux, Projecting 

Pole-Tips 


divided into the pole side leakage (calculated) as if passing di¬ 
rectly from one pole to the other) and the remainder which 
may be called the pole tip leakage flux. The pole tip fringe 
may be calculated from the experimental data by the formula 

(yf-Va)/K ^(x/A) ( 18 ) 

The pole tip leakage fringe may likewise be calculated by the 
formula 

(19) 
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Here Va, Vf, and Ve are the slide wire readings at the points 
a, f and e as shown in the figures, and K is the calibration con¬ 
stant. 

The values of the pole-tip fringe permeance are plotted in 
Figs. 16 and 17 and that of the pole-tip leakage permeance in 
Fig. 18. It is interesting to note that the curves for pole-tip 



fringd, are similar in shape to those for tooth-tip fringe as in 
Fig. 9 except for a constant difference of 0,88: this is easily 
proved by the mathematical method given above. An approxi¬ 
mate curve used frequently at present is that of Hawkins arid 
Wrightman®® given at top of Fig. 16. The effect of pole tip 
fringing is practically to increase the pole face width W by an 


69. Inst. Elec. Eng. Jour., Vol. 29, pp. 436. 
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amount i\ W in all, or one half that amount at each pole tip. 
This fringe is obtained from curves in Figs. 16 and 17 by mul¬ 
tiplying the ordinates by the air gap g. Analytically, 

AW = Pyg (20) 

The occasional negative value for the pole tip leakage in 



Fig, 17 —Fringe Permeance from Pole-Tips to Armature, 0 = o 


Fig. 18 really indicates that the pole tip fringing encroaches 
so far on the pole tip that the leakage flux is actually decreased 
thereby. Thus the error which is committed in Fig. 6 at the 
right, in. assuming two different fluxes in the same place, is 
rendered plain. The amount to be added to the length of each 
pole to allow for this pole tip leakage is obtained by multiplying 
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the ordinate of Fig. 18 by K, the distance between the pole 
cores nearest to the air gap. Or, expressed analytically, 

NH = PifK (21) 

By referring to Fig. 5 it will be seen that some of the leakage 
flux passes directly from the pole core to the pole yoke. This 



path is shorter than that assumed from the pole core to the neu¬ 
tral plane. As a consequence the permeance of the leakage 
flux is somewhat increased. Study of a field of flux some¬ 
what similar by the method of complex quantities has indi¬ 
cated that this effect can be allowed for by adding to the 
length of the pole a fringe A H, which is approximately 

AH- = 0.3AVi? (22) 
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Here A is half the distance between the poles, and H is the length 
of the poles. 

The distribution of leakage fliix between circular poles of a 


multipolar machine is given in 





Fig. 19—Leakage Flux Dis¬ 
tribution BETWEEN “Round 
Poles 


Fig. 19. The dotted lines give 



Fig. 20—Leakage Flux be¬ 
tween Small Rectangular 
Poles 


the best previous assumption, that of Dr. R. Pohrwhich 
consists in imagining the lines of force to be involutes and straight 
lines. The cramped character of this assumption is readily seen. 
In Figs. 20 and 21 is shown the distribution between rectangular 



Fig. 21— Leakage Flux be¬ 
tween Large Rectangular 
Poles 


poles, and the dotted line ap¬ 
proximation Vhich is due to 
Prof. ForbesThis assump¬ 
tion also cramps the field 
considerably. 



Fig. 22—Effect of Leakage 
UPON Flux and M.M.F. in 
Pole Cores 


The effect of leakage upon pole saturation is shown graphically 
in Fig. 22. The free m.m.f. between the poles and the 
flux density in the i nterpolar regions, is shown at the left. 

70. Jour. lust. Elec. Eng., Jan. 1, 1914, Vol. 52, p. 120. 

71. Jour. Soc. Teleg. Eng. and Elec., Vol. 15, (1886), 551. See 

also Hawkins and Wallace, “ The Dynamo , 3rd. Ed. p. 43/. 
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Methods allowing for this effect are well known^^ and consist 
of counting only one-half of this leakage pei-meance as effective. 
The variation of the flux and ampere-turns in the pole core are 
shown at the right, both varying greatly. At present it is as¬ 
sumed that all the leakage enters at the pole tips; or, what is 
the same thing, the maximum value of ampere-turns in the 
pole core is taken throughout its entire length. It would be 



Fig. 23—Leakage Permeance from Round Poles to Neutral Plane 

1—Exact solution 2—Approximate solution 

better to assume the leakage flux to enter the core at some point 
nearer the pole yoke, say one-half way up. The exact location 
could be determined by a graphical integration similar to that 
given by W. B. HiiTp® for the case of the reluctance of tapered 
and saturated armature teeth. ___ 

72. Hawkins and Wallace “ The Dynamo”, 3rd. Ed., p. 441. Pohl, 
Jour. Inst. Elec. Eng., loc. cit. 

73. Jour. Inst. Elec. Eng. Vol. 29, p. 939. 
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The values of the leakage permeance from round poles to the 
neutral plane are plotted in Fig. 23, together with that calculated 
from Pohl’s formula. The flux which leaves rectangular poles, 
as in Fig. 21, between the points bed, maybe considered as 
divided into two parts. The first is that which would pass 


w/T 

0,8 0,9 1,0 



PiG„ 24 —Leakage Permeance from Rectangular Poles to Neutral 
Plane, in Excess of that between the Poles 

(1) and (2) exact sohitions—(3) approximate solution 


directly between the poles if the lines of force were straight; 
this is the pole face leakage. The remainder is fringe of the 
leakage flux, or what is called elsewhere the pole flank leakage. 
The formula for computing this leakage from the data is similar 
to equations (16), (18) and (19), and will not be given here. 
The result is plotted in Fig. 24, together with the customary ap- 
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proximate formula. In order to compute the leakage we 
multiply the ordinate taken from Fig. 24 by FI, the length of 
the poles, increased AH for fringing at the roots, but not at the 
tip. It is to be noted that, except for very short machines 
axially, the upper of the two curves in Fig. 24 is the nearer 
the truth. In all cases the experimental data agreed closely 
with the upper curve. 

The template used for determining the pole shoe flank per¬ 
meance is shown in Fig. 25. This figure shows the method 
of trimming so as to get a number of different proportions with 
one sample. In Fig. 26 is shown the flux distribution; this 
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Fig. 25—Methods of Mark¬ 
ing AND Cutting Templates of 
Sheet Metal to Size, so as to 
Economize Material 


Aaaumed Flux Line 



Fig. 26—Distribution of Flux 
in the Fringe from the Pole 
Flanks to the Armature—De¬ 
termined Graphically 


corresponds to the right-hand part of Fig. 5, the line d e being 
an assumed flux line. This figure was obtained graphically by 
the method of L. F. Richardson, given above. Lines 2, 4, and 
6, and 9, 11, 13, etc., were drawn first. Then lines 1,3,5, 7, 
8, 10, 12, etc., were drawn to test the accuracy of the preceding 
lines. For instance, in the square 4, 6, s, u the line p r was 
compared with the line s 't for equality. Considerable readjust¬ 
ment was necessary, and the reader will no doubt note improve¬ 
ments. 

The flux leaving the pole in Fig. 26 between the points bed 
may be divided in the usual way into air-gap flux, and the 
fringe flux. The formula for computing this from the data is 
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similar to equations (15), (18) and (19). In this way the 
permeance in Figs. 27 and 28 was computed and plotted. It 
will be seen that this permeance depends on both the ratio of 
/ to g and of to g. This permeance, it is to be noted, is the 
combined pole shoe flank flux, both useful and leakage flux; 
and includes flux on both ends. 



Fig. 27—Permeance of Fringe Flux from Pole Flanks to Armature 
Surface—For an Overhanging Armature, i . e ., Longer than Poles 

It will be noted that the point v on line of flux No. 9 in Fig. 
26, is also on the dotted line which is the projection of the arm¬ 
ature coils. Thus the point v may be regarded as the trace of 
the armature coils. The flux between the line d v f and the arm¬ 
ature links with the armature coils, and is useful. The flux 
between the line of 9 w / and the line d e is really leakage flux. 
Readings of the slide wire setting Vs were taken at various points 
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shown on the dotted lines in Figs. 25 and 26, located at a dis¬ 
tance z from the armature corner. The fraction of the total 
pole shoe flank flux that is useful was calculated by the formula 

Pu _ (F. - Va)/K - {x/g) . 

P iV,-Va)/K -ix/g) ^ ^ 



This fraction was computed and plotted in Fig. 29. While 
this fraction theoretically should be a function of three variables, 
it was found it did not depend much upon the ratio of / to g. 
This rather fortunate coincidence permitted the results to be 
plotted in a single set of curves. Fig. 29 was not checked 
theoretically. 
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It is to be noted that the line d e is an assumed flux line. 
There is no natural boundary between the leakage lines and the 
fringe lines, and hence the point d has to be assumed in a some¬ 
what arbitrary manner. Several rough trials have convinced 
the writer that the best location for the point d is at the junction 
of the pole shoe with the core, or at one-quarter to one-third 



Fig. 29—Chart Showing the Percentage of the Pole-Flank Fringe 
THAT IS Useful, for Various Locations of the Armature Coils 


of the width of the pole waist from the aimature. Rough as 
this method is, it is hoped that it will be useful; a more accurate 
assumption is discussed in a later paragraph. 

In order to use Figs. 26, 27 and 28 we first estimate the width 
/ of the pole shoe flux by the method of the preceding paragraph, 
From the working drawing of the machine we compute the 
ratios h/g and//g, and from either Fig. 27 or Fig. 28 obtain the 
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flank permeance. This we divide in two parts by means of 
Fig, 29, into the pole shoe flank fringe Pu and leakage, Pi/. 
The effect of the fringe is to add to the effective axial length of 
the air gap by an amount AL which is given by the equation 

Pug ( 24 ) 



Fig. 30—Chart for Determining Width of Pole Flank Fringe 


The effect of the leakage fringe is to add to the leakage pei*me- 
ance by an amount 

P^Pif{W+AW), ’ ( 26 ) 

where TF + AJF is the corrected width of the pole shoe next 
the armature. - . 

The principle of “ maximum effect ” can be applied to the 
results given in Figs. 27 and 28, enabling one to pick out the 
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most favorable value of the width of the pole shoe flank flux, f-. 
This principle states that of two possible assumptions as to 
flux, that is nearer the truth which is the larger. Fig. 30 is the 
lesult of an attempt to apply this principle to the problem. For 
a maximum total permeance, the derivative of the pole shoe flank 
permeance with respect to / should be equal to that of the 
leakage permeance, taken with the minus sign. In symbols, 


-IV d P 
g d (f/g) 


( 26 ) 


where P is given by Figs. 27 and 28, aiid Pi is the leakage fringe 
or pole flank leakage given by Fig. 24 for a definite pole waist 
width W. We may solve the above formula for the derivative, 

and by referring to Fig. 30 where this 
quantity is plotted, we can pick out the 
proper value. of//g at once. 

The results, given in Figs. 27-30 are 
somewhat complicated, and good service 
could be done by inventing an empirical 
formula which would fit the results fairly 
closely. The only previous attempt to 

Pig. 31 Flux Dis- matter adequately is an 

TRIBUTION BETWEEN ,• i i r 7j r i 

Main AND Intenpoles Leges’', whose formulas are 

too complicated to give here. 

The flux distribution between ^ the poles of an interpolar 
machine (as produced by the m.m.f. upon the main poles) 
is shown in Fig. 31. There is a fringe of permeance over that 
computed on the assumption of straight lines of force between 
the poles. This permeance is computed from the data in the 
usual manner and plotted in Fig. 32. The permeance is that in 
excess of computed permeance, up to the neutral plane only, 
for both ends of the interpoles and for two interpoles. 

The leakage flux distribution inside a slot is shown in Figs. 
33 and 34. The template cut in this case is similar to that cut 
for the. preceding case. Both cases are similar to an electrical 
problem solved by C. H. Lees.^® The fringe permeance is defined 
in the usual way as the excess of the total perrpeance over that 
computed between; the parallel paris of the slot. The formula 
for computing the fringe of per meance from the experimental 

74. Eclainige Electric]lie, Vol. 30, p. 437; Vol, 51, p. 12. 

75. Phil. Mag., loc. cit. - 
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data is similar to those previously mentioned. The permeance 
as plotted in Fig. 35 is that for the whole slot, per centimeter of 
axial length. Various approximate formulae have been pro¬ 
posed^®, most of which are based upon assuming the lines across 
the slot to be straight. These formulas are compared with the 
correct formula in Fig. 36 for the tooth tip angle of 45 deg 



Fig. 32—Fringe of Leakage Permeance from Main to Interpoles 

All of these formulas give null result when the pole tip angle 
is zero, and hence are in considerable error. 

In Fig. 37 we have the field of flux produced by one armature 
coil embedded in nearly closed slots. At a distance x = w X 
from the first coil there is a second coil with a line of flux entering 

76. Arnold, Wechselstromteclinik, Vol. 4, 1st Ed., p. 44. C. A. 
Adams, A. I. E. E. Trans., Vol. 24, (1905), p. 335.- J. Rezelman, L^- 
miere Blectrique, Vol- 10, (1910), p. 293, 
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Fig. 33—Distribution of 
Leakage Flux in Semi-Closed 
Slots 



Fig. 34—Distribution of 
Leakage Flux in Semi-Closed 
Slots 



F'ig. 36—Permeance of Internal Fringe of Slot Leakage Flux 
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the center of its slot. The flux inside this line links with onl)^ 
one coil, but that between this line and the center of the pole 
is flux of mutual induction. The permeance of this flux of 
mutual induction was evaluated theoretically by applying the 
method outlined in the historical section, and is plotted in Fig. 39. 

The flux of self-induction is the whole flux up to the mouth 
of the slot. In Fig. 38 is shown a detail of the armature leakage 



flux near the slot opening. ^ It will be observed that close to 
the slot the lines of flux change gradually from a semicircular 
form to straight lines. The fringe of the flux of self-induction 
outside of the slot is defined in the usual way as the excess over 
what would pass inside the slot opening, were the lines of force 
straight. The permeance of the flux was calculated and plotted 
in Fig. 39 against x, which is half of the slot opening, namely 
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.{s/2). The result is correct only provided the slot width is 
small as compared to the pole pitch. 

In Fig. 39 is also plotted Arnold’s^’^ formula for self- and 
mutual induction. This formula is based upon the assumption 


T-a: 



---H 


U-T/2-J 

Fig. 37—Leakage Flux Distiubution due to a 
Concentrated Armature Winding 


that the leakage lines are arcs of circles and straight lines. His 
results are in error theoretically, in that he integrates over the 
whole pole pitch. This error is corrected in the second edition. 


d 



Fig. 39 can be used to deter¬ 
mine self and mutual induction 
for the flux outside the slots, 
provided the field poles are re¬ 
moved from the annature. 
This is the case when the re¬ 
actance of an alternator is de¬ 
termined from experiment. 


Fig. 38—Leakage Flux Distri¬ 
bution NEAR THE MOUTH OF A SLOT 


However, it is another question 
whether the reactance so de¬ 


termined has much relation to that of the machine completely 
assembled. No correction .should be made for the curvature of 


77. Wechselstromtechnik, 1st Ed. Vol, 4, (1904), p. 44. See also 
Rezelman, Lumiere Electrique, Vol. 10, p. 259. 
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the armature surface, since a short theoretical investigation 
proved that it is not necessary. This is in contradiction to 
Arnold’s and Rezelman’s recommendation. When there are a 
number of slots per phase and per pole, the application of 
Fig. 39 becomes difhcult, and further simplification becomes 

desirable. 
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Pig. 39—Permeance of Armature Leakage Flux—Field Removed 

(1) and (2) — Mutual induction (?') and (4) Self-induction 

(1) and (4)—Exact formulas (2) and (3)—Arnold’s formulas 

The leakage flux set up by an armature winding in the 
region outside the slots, links in part with each slot individually, 
and in part with more than one slot. It is convenient, therefore, 
to calculate the inductance due to the leakage flux as if it linked 
with the whole of the group of conductors belonging to one phase 
under one pole. This inductance should include the effect of 
mutual induction between the phases. On the other hand, the 
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leakage flux set up inside the slots is most conveniently calculated 
separately. 

Using Fig. 39, and taking into account the factors mentioned, 
the writer worked out the equivalent leakage permeance of 
the flux set up in the region outside the slots. It was found 
that, between the limits of one to twelve slots per phase per 
pole, the equivalent leakage permeance was practically a con¬ 
stant ; providing that a certain amount be added to the leakage 
permeance of the slots, for the flux just outside the slot opening. 
The equivalent leakage (geometric) permeance was found to be 

= 0.725 and 1.19 (27) 

for two- and three-phase machines respectively. The fringe of 
permeance to be added to that 
inside the slots was found and is 
recorded in Table II. The best pre¬ 
vious method for computing the 
equivalent leakage permeance was ^ 
that proposed by SchenkeF®. Ap¬ 
plying this method, the writer 
obtained the values 0.51 and 0.86 
for two-phase and three-phase 4q—Equipotential Sur- 

machines respectively. faces around a Square Wire 

TABLE II —Values of External Fringe of Slot Leakage Permeance. 

(j/I) = 0.60 0.50 0.40 0.30 0.20 0.15 0.10 0.05 0.025 

APj =- 0.20 —0.10 —0.00 +0.10 +0.30 +0.40 +0.55 +0.85 +1.200 


In order to use the above results to obtain the inductance per 
■phase of a machine, we first add to the fringe of permeance 
belonging to the slot and obtain the total slot permeance Pg. 
Then, if G is the number of conductors per slot and Ci,p are 
the number of conductors per pole, and per phase, P the 
number of poles, and 5 the number of slots per phase, and L 
the effective length of the machine; the inductance of the 
machine, exclusive of that of the end connections, is 

L = (4 tt/IO) {S C\ PsL + P Cpp^ P,, L) IQ-® (28) 

The electrostatic equipotential surfaces around a square 
conductor are shown in Fig. 40. The capacity of a rectangular 
78. Electrotechnik und Maschinenbau, Vol. 6, (Feb. 1901), p. 54, 
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wire of dimensions a and b was investigatc'd mathematically 
and found to be given by the following equation; 


_ TT KgL _ 

Ln (KD/perimeter) 


( 29 ) 


where C is the capacity between two wires D cm apart. Ka 



P''iG. 41 —Factor for Determining Capacity of Rectangular Wire 


is the dielectric constant for air, L is the length of the wire in 
cm. and X is a factor plotted in Fig. 41, the perimeter of the 
wire being 2 (a + &). 

The above cases comprise all those of which the writer is 
prepared to report the permeance. However, the flux distribu¬ 
tion in the cores of various machines was studied, also that in 
the air gap of alternators. Owing to saturation, the reluctance 
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as measured by experiment in these cases would not be of great 
value; and for this reason it was not calculated. The reluctance 
of the air gap of alternators was omitt:'d' because the assumed 
shape of the pole is not used. 

The flux distribution in the core of a transformer is shown in 
Figs. 42 and 43. While the flux lines could have been obtained 
by soldering electrodes to the broken lines efmn and gh k I, this 
would have been awkward. By soldering electrodes to the edges 
e g and I n and passing current through the strip, the equipoten- 
tial lines/and m k were traced out. The L-shaped strip was 
then cut into three lengths e f g h, f h k m, and k I m n. The 
flux lines were then very easily obtained by soldering electrodes 
to the lines g h, h k, k I, e f, f m, and m n, and passing current 
through the three strips in the usual way. The writer is in- 



Fig. 42 —Flux Distribution 
IN Corner of a Transformer 



debted to Mr. E. M. Shepard, Cornell ’13, for the experimental 
work involved in this problem. 

The flux within the core of an armature is shown in Fig. 44; 
this was suggested by test results published by Dr. Thornton.'^® 
The template has to be laid out with a calculated curve, the 
equation of which is obtained by the theory outlined earlier in 
the paper. This equation is 

{x/R)[{x/Ry -diy/Ry] = 1 ( 30 ) 

This figure was determined from experiments and compared with 
the curves published by Dr. Thornton and found to agree com¬ 
pletely. This work was also performed by Mr. E. M. Shepard. 

The flux distributions shown in Figs. 45, 46 and 47 were 
determined by calculation only, but the excellent agreement 

79. I. E. E. Jour. I^oc. cit. 
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between experiment and theory in all other cases indicates that 
they should be reliable. 

The theoretical .shape of pole shoe required to give an ab¬ 
solutely sine wave of voltage in an alternator was calculated by 
the mathematical theory outlined in the Historical Section, for 
a two-pole alternator. The equation of this pole shoe was 


{y/R) - [yR/{x^ 



Fig. 44—Frux Distribution 
IN THE Armature Core of a 
Six-Pole Machine 



Fig. 46 —Leakage Flux Dis¬ 
tribution Due to a Two-Pole 
AlternatorArmatureRemoved 

from Its Field 


+ y^)] = 0.19 (31) 



Fig. 45 —Flux Distribution 
in a Four-Pole Armature with 
Uniform Flux Density in the 
Air Gap 



.Fig. 47 —Flux Distribution 
IN A Two-Pole Induction Motor 



Fig. 48 —Pole Shoes Shaped to 
Give Sine-Wave E.M.F. 


A template was cut to this form and the field divStribution shown 
in Fig. 48 measured. The flux density distribution on the arm¬ 
ature corresponding electrically to the volts drop per cm. of 
circuniference of the circle, c f, was measured experimentally. 
This drop is plotted in Fig. 49. The experiment was repeated 
with a template shaped like a b c d' e f in Fig. 48 with the pole 
piece cut away in a convenient manner. This result also is 
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plotted in Fig. 49. The first curve is an exact sine wave. The 
shape of the pole in a four-pole machine is similar to that in 
Fig. 48. 

The mathematical theory is readily adapted to finding the 
correct pole shape for any sliaped wave of flux desired. The 
application is not difficult, as the writer solved a particular case 
of this sort in a short time. 



Fig. 49 —Flux Density Distribution under Poles of Alternator 

(1) Poles shaped for sine wave (2) Same polo tips cut away at convenient angle 


It is believed that the most convenient way to use the results 
of this paper is by means of the curves shown. One no longer 
uses Frohlich’s equation for saturation of iron, but the magnetiza¬ 
tion curve itself. It is more convenient to use curves of core 
loss than to calculate it from its coefficients. Likewise a set 
of curves like those in this paxoer for magnetic circuits of various 
forms, would facilitate magnetic calculations. (Those who pre- 




1116 


DOUGLAS: RELUCTANCE 


[June 29 


fer a formula, however, can use the equations for the curves 
which will be found in an appendix for reference.) 

IV. Accuracy of Results 

The accuracy of the assumptions made in the preceding 
two-dimensional magnetic fields, when used to compute the total 
reluctance of a dynamo, is the next topic to discuss. This we 
may do by using a theorem due to Lord Rayleigh.If m a 
conducting medium we insert thin laminae of ^ perfectly in¬ 
sulating material, the total resistance of the field will be mcreased. 
The only exception to this rule is when we place these insulating 
surfaces so as to co-incide with the natural lines of flow, when the 
total resistance is unchanged. When we assume arbitrary flux 
lines, as we do for simplicity when computing the penneance 
we are in effect imagining the course of the lines of force restrained 
by guiding insulating surfaces. Thus any formula which is 
derived upon this basis gives too small a permeance. 

Of two different assumptions as to the course of the lines o 
force, the one yielding the larger total permeance, is the most 
nearly correct. The closer the assumed lines of force agree 
with the actual lines of force, the less the error which is made. 
Of two possible constrained distributions, the one subject to 

the most restraint is the most in. error. ^ 

The results shown in this paper are of necessity too small, 
by the extent that the assumptions made in Fig. 6 do vio ence 
to the natural course of the lines of force. Where the guiding 
surfaces merely separate one field from another, as the po e 
flank leakage from the pole shoe flank fringe and the pole shoe 
leakage, the error should be very small. The only place where 
the error could be considerable, would be where the sur^ces 
assumed prevented the flux from reaching the other side. Thus 
in Fig. 6 the leakage flux is prevented from expanding beyond 
the pole yoke. Lord Rayleigh also gave a method for obtaining 
a superior limit to the permeance, but this was not applied by 

the writer. . u. 

It will be found, with three apparent exceptions, that the results 

shown in this paper are larger than those obtained by any of 

the approximations used hitherto. It may be concluded, 

therefore, that the results here given are closer to the truth. 

The three exceptions are Figs. 16, 36, a nd 39. In Fig. 16 the 

80. Theory of Sound, Vol. 2, Sect. 305, p. 175. See also V. Karpen, 

Comptes Rendus, Vol. 134, pp. 88-90. 
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approximate curve given by Hawkins and Wrightman is based 
upon an assumption of the lines of force which encroaches upon 
the leakage field. Thus, although the permeance of the flux 
from the pole tip to the armature seems larger than it really is, 
the total permeance will be found to be less. In Fig. 36, curve 
No. 3, for a tooth tip angle of 0 = 45 deg., the approximation 
is larger than the curve here given. It is to be noted, however, 
that this is a purely empirical curve and does not correspond 
to any possible assumption of the lines of force. In Fig. 39 
the formula as 'given by Arnold has an error in the integration. 
When this integration is performed correctly this apparent 
discrepancy with the principle disappears. 

V. Conclusions 

Most of the results in this paper are apparent, but they may 
be briefly summarized. 

(1) In magnetic circuit calculations a considerable portion of 
the magnetic field is irregular. 

(2) Many of the methods in vogue for computing the reluc¬ 
tance of irregular magnetic fields are very inaccurate. 

(3) Accuracy of an equal order of magnitude is desirable in 
all parts of a given problem. In particular it is. believed that 
greater accuracy in leakage flux calculations would be desirable. 

(4) The reluctance of irregular magnetic fields occurring in 
electrical machinery, can be estimated fairly well by studying 
various two-dimensional flux distributions. 

(5) A knowledge of the properties of the functions of complex 
numbers, enables one to compute the reluctance of many two- 
dimensional magnetic fields. 

(6) Particular cases of the reluctance of irregular magnetic 
fields are easily studied experimentally by the use of templates 
of the proper shape cut from sheets of high-resistance metal. 

(7) The entire field around a dynamoelectric machine has 
been divided into sections, and the reluctance of each section 
determined to a greater degree of approximation than before. 
Many factors have been shown to have negligible effect, and 
in many cases present methods have been shown to be greatly in 
error, 

(8) A number of other magnetic fields have been studied; 
in particular, the field around a square wire, the flux distributicn 
in transformer cores, dynamo cores, and the air gap of alterna¬ 
tors. 
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(9) It is of advantage to use graphical charts of permeance 

rather than empirical formulas. 

(10) There are other cases of interest and value in the re¬ 
luctance of irregular magnetic fields yet to be solved. 

The writer wishes to acknowledge obligation to Cornell 
University in furnishing facilities for the experimental work, 
to Professors J. Macmahon, V. Karapetoff, and F. Bedell, 
and to Mr. F. W. Carter for suggestions, and to Mr. E. M. 
Shepard for valuable assistance with the experiments. 


APPENDIX I. 

Mathematical Results 

The fringe of tooth permeance for wide teeth and deep slots as 
shown in Fig. 9 is 

p ^ ^ cot-‘ (S/2g) + - [1 + (5/2g)^] , (32) 

^ TTg- TT 

when the pole tip angle d is 90 deg. The symbol Lw indicates 
the naturaklogarithm. When the pole tip angle is 0 deg., 


1 j Cl -j- 1 I _ ^ 

TT Va - 1 TT (Va 1) 


( 33 ) 


where the parameter a is determined from the equation 

5 1 ^ N^ci T 1 I ^ 

~ ^ Va - 1 tt (a- 1) 


( 34 ) 


When the pole tip angle 6 is 45 deg., 



where the integration is performed graphically and a determined 
from the following equation: 
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For infinitely narrow teeth, we have, with a pole tip angle of 
90 deg., 


Py = 2 


(tanhH) 


where K is the complete elliptic integral of the first kind tabu¬ 
lated in Pierce’s Tables of Integrals page 117. For large values 
of the air gap, and finite width of the teeth, the excess reluct¬ 
ance of the air gap plotted in Fig. 11 is 

( 38 ) 

When the slots are shallow, and the teeth are infinitely narrow, 
the fringe permeance plotted in Fig. 10 is given by the equation 


Pf=2 


K {a) 

K (Vr^2) 


where a is a parameter which has to be determined, together 
with another parameter h, from the following equations; 

(40) 

^ + g X (Vl - 


d 

d^-g 


M. • a‘{I - V)l 

K 


The permeance from the two pole tips of a machine to the 
armature, is less than that from tooth tips of the same shape 
by an amount 

Pf = 2 ( 42 ) 


Thus the permeance curves in Fig. 16 are similar in shape to 
those in Fig. 9, and can be plotted by applying the above cor¬ 
rection Pf to equations (32), (33), and (36). 
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The permeance from the pole tips of a machine with pro¬ 
jecting pole tips, as shown in Fig. 15 and plotted in Fig. 17, is 
given by the equation 




1 - \ L K 


\ 1 + 


where 5 is a root of the following equation: 


L 1 , ( ^ 4* + 26 

X - ^ V 1+6* 


-%Ln \ 
ttK L 


2A/6 (i-(i H-^) + 24 + - 1) 


2g ^ 


(1 -f (2g/Z) 


The permeance of the pole tip leakage fringe shown in Fig. 18 
is given by 


Trie W + 1/ 


L _-— 

1 -\-b^ 


the parameter b being the same as in the previous equation. 

The leakage permeance from round poles to the neutral 
plane as plotted in Fig. 23, is given by the following equation: 


Tvr , n tt 

cot^ ^ + cotln 


[ coth=^ Ln cot ^ - cot2 ^ Ln coth 


The fringe of leakage permeance from both ends of long rec¬ 
tangular poles to the neutral plane between the poles of a multi¬ 
polar machine as plotted in Fig. 24, is 
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In machines of very short axial length, the same permeance, 
as plotted in Fig. 24, is 

. 7r.Z\‘ (48) 


X(sin|f)' 


The total pole shoe flank permeance, to the armature end, 
which is plotted in Figs. 27 and 28 is 


P = 


K{h) 
X V1 - 


where the two parameters b and c are determined from 
the equations following, when the armature projects beyond 
the field pole. Note that E is the elliptic integral of the sec¬ 
ond kind, found in Pierce’s tables, pp. 117 and 119, 

1_ = 1 _ ^ (60) 
/ E{c, 90°) 

/ “ E.{c) 

When the field, however, projects beyond the armature, the 
parameters b and c are given by the following equations: 

/ cos-'6 _ 

Vsec^ 6 - sec 6 dd 

1 ^ _ 0 _ _ 

h Vc Vl~ £ (Vl- c^) - Vc5 Vl - K (Vl - c^) 


/~g __ (1/c) E (c) (1 c^) K (r) __ /ggx 

~F" Vh=? E (Vw') - K (Vl^c') 

The fringe of permeance from the main poles to the inter¬ 
poles of a dynamo, which is plotted in Fig. 32, is 


p-2_r {L\ ( ^ 

\K-W K ) 

, 2 / K . K-W\ , /2X _ . \ 

Tr\K- K )^^\W ^7 


(54) 
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The permeance of the fringe of flux on the inside of an 
armature slot shown in Figs. 33, 34 and 35 is 



when the angle of the tooth tip is 0°; when the angle is d, 
where 6 is {ir/n), we have the equation 



The permeance of the armature leakage flux of mutual in¬ 
duction outside the slot is plotted in Fig. 39 and is given by 
the equation 

P = - i» cot -If (57) 

TT 2F 


where the distance = wX. The same formula will give the 
self-induction, provided we take .v = {S/2), and add to the 
permeance a constant C. The constant C has a value 0.241 
as given by 


1 Ln (7r/4) 

TT TT 


(58) 


The capacity between wires of rectangular cross-section is 
given bv equation (20), where the constant K is given by 

(X/8) =c E (Vi^c^) +£(c), - Vi-c^KVi-c^ 

-{l-c‘^)K{c) (59) 

The constant K and the elliptic function K are not to be 
confused. 

The parameter c may be determined from equation (63) pro¬ 
vided that we read {b/a) in place of {f-g)/h. 
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APPENDIX II 

Methods of Computing Reluctance Theoretically 
The method of determining the reluctance of irregular mag¬ 
netic fields mathematically is best understood by working out 
two typical cases. The two most representative cases are: 
the fringe permeance from the sides of infinitely narrow teeth, 
as plotted in Fig. 9, and the fringe of leakage permeance from 
rectangular poles, as plotted in Fig. 24. 

If, in Fig. 7, we continue the sides of the teeth across the 
air gap, as is shown by the lines n m and o p, these lines will 
be flux lines. We will convert this conductor by Schwartz’s 
theorem into a half plane with straight line boundary, and then 
into a rectangle. The point n corr^ponds in the t plane to 
the point t — —a, m to the point t = - 1, o to the point t = + 
1, and p to the point t — + a. If the slots are of infinite 
depth the point t = 00 corresponds to the deepest part of 
the slot. In the W plane, the line n m corresponds to the line 
(f) = 0, w 0 to the line V = 0, o p to the line 4> = 4>tn, and 
both nQ and Rp in part to the equipotential line V = M. By 
Schwartz’s theorem we have 




"'■h 


V(i2-1) {p-d^) 


In equation (60) when t passes through infinity, there is a dis¬ 
continuity of jCt in the integral and a discontinuity in Z of 
the slot width 5. Tkis enables us to determine the constant 
C. Performing this substitution and integrating, equation (60), 
we obtain 

Z = j - Ln { t - 1 ") = j - cosh'i^ (62) 

TT \ / TT 


When, in particular, t = a, we have that Z = + jg] whence 
by substitution 


a = cosh 
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The permeance is obtained directly from equation (61), for, 
by definition, the permeance is the ratio of cjjm to M\ and these 
quantities are obtained by integrating equation (61) between 
the limits / = - 1 and i = + 1, and ^ + 1 and t = a 
respectively. Thus 

dW 

P _ _ 0 _ O (1/^)_ (OA\ 

^ ^ “ 7^ “ ^ (vryiTS)’) 


By substituting the value for a in this last equation, the result 
given in Appendix I, equation (37) is obtained. 

The leakage field showrf in Fig. 21 can be adapted for mathe¬ 
matical treatment by drawing the line K-J prolonging the poles 
indefinitely in an axial direction. We will convert this case 
in a similar manner as the preceding, into first an infinite half 
plane, and then into a rectangle in the W plane. The point 
h corresponds to the point t = - co in the t plane, c to the 
point t = - a, the point K to t = - 1, J to the point i = 0, 
and / to / = + 00 . In the W plane the line h~C corresponds 
to the line </> = 0, the line C K J to the line F = 0, and the 
line J-f to the line V = M. By Schwartz’s theorem we 
have 

Z = C r (66) 

I t "V t a 


■"•J 


dt 

t "V^ t O’ 


The constant C in equation (65) and the* constant a can both 
be determined from the discontinuities in the integral when 
/ = 0 and when t = oo, in a manner similar to the preceding 
case. This transformation was given in a different problem 
by C. H. Lees.®^ The result is that the constant C = -jT/27r 

and a = {T/Ky. Also, 


z = + j 


-h 1 V/t -h {T/Kf + t -I- }- 


V/! + 1 V/ + {T/KY + {T/K) , T^+K^ \ 

I ~ 2 TK f (67) 
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If the flux pEvSsed directly between the pole K J and the neutral 
plane, the permeance apparently in this region, say between 
the points / = - 1 and t = - e, o. small value, near zero, would 
be 

2 

Papp = — Z(;=_g)] 

= I ((1^.) - ^ (W) (88) 

On the other hand, the constant is determined from equation 
( 66 ) by the fact that there is a discontinuity in the integral of 
the amount jC 2 ^/{1/a) when t passes through zero, and W 
changes suddenly by the amount jM. The permeance of the 
leakage flux can be determined from equation ( 66 ); namely, 
when t changes from ~a to -e, the flux passing is the definite 
integral of equation ( 66 ) taken between these limits. Hence 
by substitution and integration 



The value of the fringe permeance is the excess of the total 
permeance over the apparent permeance. Combining equa¬ 
tions ( 68 ) and ( 69 ) and multiplying the permeance by four, 
we get the final result, which is given in Appendix I, equation 
( 47 ). The factor four is to give the fringe permeance from 
all four corners of the pole. 
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Discussion on “ The Reluctance of Some Irregular Mag¬ 
netic Fields ” (Douglas), Deer Park, Md., June 29, 
1915. 

Charles R. Underhill: I wish to call attention to a special 
case of reluctance. It has to do with solenoid design; the design 
of plunger electromagnets, or magnets with movable cores. 

Let it be assumed that a constant mean effective alternating 
e. m. f. at constant frequency is to be impressed upon a coil. 
When the constant mean effective alternating e. m. f. is impressed 
upon the coil, it is found that a certain mean effective current flows 
through the coil, and from this knowledge together with the num¬ 
ber of turns and the dimensions of the coil, the permeance of 
the coil can be calculated, and since reluctance is the reciprocal 
of permeance it is a simple matter to determine the reluctance 
of the coil. 

Now let it be assumed that there is a core or plunger at some 
distance from the coil. Upon moving the core or plunger end¬ 
wise towards one end of the excited coil, it is noted that the mean 
effective current strength is decreased, showing that the induct¬ 
ance and, therefore, the permeance of the coil and core combina¬ 
tion is increased. Looking at it another way, it may be said 
that the reluctance of the entire combination has decreased. 
Neglecting the eddy current and hysteresis losses, the total flux 
interlinked with the current in the coil is constant. The per¬ 
meance of the coil (without the iron) is constant. Therefore 
the coil has a permeance of its own, and the core has a permeance 
of its own, which latter permeance changes with different in¬ 
tensities of magnetization in the core, and the total permeance 
is the sum of the coil permeance and the iron permeance. 

The point is that in the design of plunger electromagnets it is 
impossible to use the customary equation /x = ®/3C, but the 
intensity of magnetization 3 in the iron and the magnetizing 
force 3C in the coil must be separately treated, because the soj 
called solenoid effect or the leakage pull, due to a solenoid and 
plunger, is proportional to the product of the intensity of magneti¬ 
zation in the core and the magnetizing force in the coil, to use 
conventional terms. The maximum permeance is obtained 
when the middle of the core is at the middle of the coil. 

I would emphasize the fact that there is at least one case where 
the total induction (B cannot be used as a whole, but must be 
*“ separated into its two components, that is, the intensity of 
magnetization and the magnetizing force. This is the basis ot 
Maxwell’s fundamental equation for the mechanical force due to 
electromagnets, which I shall briefly describe. 

The induction CB = 4 tt 3 3C gausses. 

The mechanical pressure. 



(B^ 

8 TT 


^ -J4 TT 3 + ge)^ = 2 TT 32 4- 3 3C -h 
8 TT 


3C2 

8 TT 


dynes per sq. cm. 
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whence 

■^='5'^2x 3^ + 33C + ^ dynes. 

Therefore, it is seen that the mechanical force F is divided 
into three components, one of which is between the ends of the 
two half-cores: one between the two half-coils, and then there 
is a mechanical force acting between the ends of the half-cores 
and the half-coils. This mechanical force between the coils 
and the cores is the so-called “ solenoid pull ” which is exceed¬ 
ingly important in the design of plunger electromagnets with 
reasonably long air gaps or in cases where there is only one 
plunger acted upon by the current in the coil, and this mechanical 
force is F = 3 3C dynes. 

F. W. Peek, Jr.: Very complicated magnetic circuits often 
result^in practical work; it is generally impossible to calculate 
these with any degree of accuracy, and sometimes even impossible 
to estimate the field distribution. An exactly similar but more 
difficult problem exists in the dielectric circuit. Improper 
flux distribution in the magnetic field means local loss; improper 
dielectric flux distribution in high-voltage insulation means loss 
and destruction of apparatus—a limit is imposed on voltage. 
Although it is difficult to calculate the dielectric and magnetic 
circuits, except in yery simple forms, an analogy fortunately, 
exists between the electric, magnetic -and dielectric circuits. 
Mr. Douglas has made use of this fact in his interesting work. 

For the electric circuit Ohm’s law states that the electric fiux 
or current is equal to the e. m. f. divided by the resistance. 

For the magnetic circuit a similar law states that the magnetic 
•fliix is equal to the m. m. f. divided by the magnetic resistance 
or reluctance. 

Likewise for the dielectric circuit the dielectric flux is equal 
to the e. m. f. divided by the dielectric resistance. Thus Ohm’s 
law for the three circuits becomes: 

I = —^ electric circuit. 

R 


$ = 


M 

R 


magnetic current 



E 

S 


dielectric circuit. 


The shape of the magnetic lines of force may be approximately 
located by means of iron filings, or the dielectric lines of force 
by mica filings. Actual values necessary in design cannot, 
however, be obtained by this method. The vahies of the equi- 
potential surfaces in the magnetic or the dielectric fields in space 
cannot be directly measured. On account of the analogy be- 
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tween the three circuits, certain lines in the one correspond to 
certain lines in the others. As electric currents are readily 
measured, the electric circuit may be made use of in determining 
the other two. For instance, if it is desired to determine the 
dielectric field between two electrodes, these electrodes may be 
placed, in a proper electrolyte and the equipotential surfaces 
and lines'of force of the electric circuit located by a galvanometei. 
These equipotential surfaces and lines of force correspond to the 
dielectric equipotential surfaces and lines of force which would 
exist if the electrodes were in a dielectric. The dielectric circuit 
may thus be very accurately plotted, so that the stresses at 
different points of the insulation may be predeteriniiied and the 
insulation arranged in such a way in design to give maximum 
efficiency. The experimental determination^ becomes more 
difficult when insulations of several permittivities are used. 

Messrs. Fortescue and Farnsworth have already described 
to the Institute, work that they have done along this line. More 
and more of this kind of work, especially in the dielectric circuit, 
must be done, otherwise a limit in the voltage at which apparatus 
may be operated will result. 

Comfort A. Adams: Mr. Peek spoke of the magnetic circuit, 
the electric circuit and the dielectric circuit. There is an ad¬ 
ditional one, the thermal circuit. 

John D. Ball: I think we all know how the fields and other 
magnetic circuits are now designed. We have a curve that 
represents the material more or less closely, and we add to that 
some constant, two per cent or much more, depending on the 
circuit and our previous experience with similar circuits, tlow- 
ever, our methods in this respect are going to be much better, 
for two reasons. First, because of the fact that the testing 
methods are more accurate, and second, because the materials are 
manufactured with a greater degree of uniformity. The testing 
methods on magnetic materials have been discussed so many times 
that now we are in closer concordance than tw'o years ago, and 
secondly, in the last six months we have secured a greater degree 
of uniformity in the manufacturing of magrietic materials than 
ever before. Two years ago I was interested in getting some data 
on the. magnetic properties of materials, especially the magneti¬ 
zation curves. We found a variation between minimum and 
maximum samples of the same grade of steel on the order of 20 
to 25 per cent, whereas in the case of materials manufactured 
in the last six months the variation is cut down to about one- 
quarter of that, showing that the manufacturers are producing 
more uniform materials. We can now get a much more economical 
design by saving our field copper and not putting so much energy 
in rheostats to compensate for variations and for mistakes. There¬ 
fore, a study of magnetic fields is right along with other work and 
gives us the advantage of still closer and more accurate design. 

P. M. Lincoln: I do not see how the author can expect to 
recognize the phenomena of the magnetic saturation in repro¬ 
ducing the electrical circuit as he has. 
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Percy H. Thomas: He excluded that from his discussion. 

L. W. Chubb: The hard part of the designing of magnetic 
circuits is the consideration of the reactions of the armature 
windings, local saturation, etc. As Mr. Lincoln suggests, the 
saturation in the pole horns and the pulsation of the flux caused 
by variable reluctance of the gap, due to the passage of the teeth, 
should be considered. In view of these very difficult problems 
we have found that it is best to work the pantagraph method or 
drawing board method of mapping fields, rather than to go 
through long mathematical calculations for a single machine. 
In the development of a new line of standard machines, th-e fields 
are more carefully worked out in a theoretical way, but exper¬ 
ience has shown that the experimental and graphical methods 
are the most practical and serve as a check solution. In our 
use of the pantagraph method we have found it necessary to 
work with solid fields, because in tracing fields with plane mode s 
the end effect is not correctly included. 

We had used the pantagraph method of tracing fields some 
years before it was used by Messrs. Farnsworth and Fortescue. 
Ill fact, the early magnetic work suggested their extension of the 
method. 

The author’s method of using conjugate flow to get direct flow 
lines is true only for plane figures, and the combination of two or 
more of these two-dimensional figures to obtain the solid field is, 
of course, most laborious and only an approximation. The method 
which we use of submerging solid models in a conducting 
fluid gives the true equipotential surfaces and the flow lines 
or their projections can be readily worked out in any plane or 


surface. . . . „ 

F. W. Carter; In a communication to which Mr. Douglas 
makes reference, I dealt with the fringe flux at the edge of a 
rectangular pole where a pair of such poles are confronted with 
a smooth armature. Another method of treatment which 
occurred to me as perhaps a little neaiei to the actual arrange¬ 
ment of a continuous current machine, is derived from the case 
of a pair of line poles, shown in Fig. 14 in the paper; the equi¬ 
potential lines near to the line poles bear considerable likeness 
in the neighborhood of their tips to pole shoes, and the chief 
problem is that of identifying the most suitable of these. I have 
chosen the equipotential line which has the same extreme exten¬ 
sion in relation to the gap'and the same radius of curvature at 
tli.0 extrorne tip; the result of a particular case is shown m Fig. 1, 
which also shows the notation used. Fig. 2 gives the result 
in the form of working curves. _ Where interpoles are used, i 
usually measure c between exciting and interpole tips, thus 
assuming no drop of magnetic potential across the interpole 
See It should be noted that my c is a half of Mr. Douglas’s k 
and my a applies to the fringe for one tip only and not a pair; 
accordffigly both abscissa and ordinate of_my Fig. 2 must be 
doubled to compare with Mr. Douglas’s Figs. 16 and 17. 
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The fringe of flux at the end of a pole piece cannot be treated 
very satisfactorily, for the reason that the disposition of parts 
remote from the gap affects the results. If it is assumed that 
both the pole and the armature core extend to infinity, the total 



flux between them becomes logarithmically infinite. It ac¬ 
cordingly becomes necessary to carry the integration only to a 
certain point, and it is debatable where the limit should be set. 
The result is indicated by the continued rise in the curves of 



0 4 8 12 '• 16 20 


C/g 

Fig. 2 

Mr. Douglas’s Fig. 27. Mr. Douglas’s suggestion for the deter¬ 
mination of the appropriate limit is of much interest. 

The transformation involved, however, has its uses irrespec¬ 
tive of this. One such application was made in a paper on 
“ Magnetic Centering of Dynamo Electric Machinery to 
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which Mr. Douglas makes reference; here, however, only the 
change of flux due to end play is involved, and since the_ change 
all takes place in the neighborhood of the air gap, no difficulty 
arises although the difference of two infinities is involved. 
Another application of interest is that of finding the flux between 
two adjacent teeth separated by a slot carrying a conductor; 
the problem arises in connection with the determination of 
commutation constants in a machine without interpoles. For 
this purpose the integration may be carried to the center of the 
adjacent slot; Fig. 3 gives the result in the form of a cmve, of 
which the ordinate is the fraction of the width of the slot that 
must be added to its depth in order to give the same total flux 
as between the adjacent teeth. 



the effect of a slot opposite to a smooth face 
absent, but the area of the face reduced by. 


a s = 


TT 


s tan 


-1 


2g 


-gin 


+ (■^) ] 


where s is the width of the slot “^,^^ *hhe appropriate reduc- 
widths 5 and 5' are opposite one another, tn pp f 

lion is: 
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O': g = 


^ ^ , S i- s' , S - s' , , S — s' 

-YT ^ ~ 


- f• ['H-^)’] [■ * (- 


S — s' V 


a formula which really includes the preceding as a particular 
case. The slots may be considered opposite as long as their 

centers are not more than apart, where c is a linear quantity, 

of the order of the width of a slot, to be considered later. The 
following notation will be used: 

Stator Rotor 

Number of slots. n n' 

Slot pitch. a a' 

Slot width (at mouth). s s' 

Proportional reduction per slot, given by 

above formula... a a' 

Periphery. — n a = n' a' = p 

The average number of opposite slots is: 


= 


n = 


Hence the total reduction in the periphery is: 

(n — nP) (T s for stator slots opposite rotor teeth. 
(«' — Ml) a' s' for rotor slots opposite stator teeth. 
Ml cTi g for stator .slots opposite rotor slots. 

The resultant equivalent periphery is therefore: 
p' = p — (n — Ml) a s — {n' — Mi) a' s' — Mi cTi g 


= [i - 


n cr s n' (t' s' 
p ” 


+ -- - ‘"'Z ~ 

p 


1 - 0 --- - a' —- 

a a 


{a s + cr' s' — (Ti g)c 


The quantity within square brackets is the multiplier of the 
permeance or the reciprocal of the air-gap coefficient. 

The curve of variation of flux between the opposite and remote 
positions of the slots was guessed at in the paper on magnetic 
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centering; at considerable labor and with much cross-plotting 
I have now succeeded in computing it: with equal slots in the 
two members, the value of c is a little greater than the width 
of a slot, being 1.25 times with the slot twice the gap, 1.13 times 
with the slot three times the gap, and 1.07 times with the slot 



Fig. 4 


four times the gap. The term depending on c is small and an 
approximate figure is sufficient; the following formula will 
probably meet all requirements of induction motor design 

c = 1.1 5 ' 



The air gap coefficient K is accordingly gi\ en b\ . 





+ 1.1 X 
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Fig. 4 gives cr or a', whilst Fig. 5 gives X. It may be 
s . » 

noted that 1 — a is the reciprocal of the air gap coefficient 

of a machine without rotor slots; if this is called and the cor¬ 
responding quantity for a machine without stator slots, k', as in 
the article on Air Gap Induction: 


K 


+ 1 




-|- 1.1 X 


^ s' 
a a' 
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I—FORM FACTOR AND ITS SIGNIFICANCE 


by FREDERICK BEDELL 

assisted by r. bown and h. a. pidgeon 


Abstract of Paper 

• •’ in study of transformer losses; 

Form factor is significant in the stu y 

as is well, known, ij%ave shape has a definite value 

is large, and OTce J^ersa. ®^/true for a particular 

of form factor; but the f partfeular wave shape, 

value of form factor does no, • gq^al to seventy five per 

A wave may contain a third Garmon s 

cent of the fundam^tal and stil J has no general signifi- 

a true sine wave. Forna distortion, 

cance as an indicator ^ factor is derived in terms of 

A general expression for nnsltions of its harmonic 

the relative amplitudes and P variation of form 

components; curves are drawn showing the v^^^^ harmonic. 

factor with the amplitude and p unlike in appearance, 

Various wave forms are shown, very unliKe m yp 

having the same form factor. 

mORM factor,/, is the ratio of the r.m s. value “ 
r value of an alternating quantity for half a J-he 

quantity to which form factor 

electromotive force, in which case/ - £ ' „rtain extent 

wave shape has a definite form factor and ^rCretom 

form factor indkate^the shape of a ^ ^ 

: rt wTe haTa lesle" form factor and a 

Tf the converse were true and a particular value of form factor 

indicated one particular wave f as Xbe'en 
be accurately dehned in terms of form factor, but, as w 

later, this is far from being the case. 

It is true that, for certain purposes, the value o 

• + oc for pxamDle in the determination of transtorm ^ 

=rt“^steresis loss in a tr—r ^“1^"“; 
;rd;to™ke"hrrItion'^ «M, the maximum value 
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of the flux is proportional to the average value oi .e and hence to 
the r.m.s. value divided by form factor; that is, 

4>max = {E -4- /) X constants 

If a transformer is operated at a specified r.m.s. voltage from 
supply circuits having different voltage wave shapes, the maxi¬ 
mum flux and hence the hysteresis loss will, accordingly, have 
different values for different form factors, becoming greater as 
the form factor becomes less, and vice versa. It is well known 



that a transformer operates less efficiently on a flat wave than on 
a peaked wave. ' 

If the r.m.s. voltage, E, is increased or decreased in direct 
proportion to form factor, so that the average voltage, E/f, 
remains constant, the hysteresis loss in the transformer remains 
unchanged and this fact is made use of in the determination of 
transformer losses on a sine-wave basis. For this purpose, the 
value of form factor can be ascertained by measuring the r.m.s. 

1. This constant is 10*. when E is in volts, divided by 4 X frequency 
X cross section of iron in square centimeters X number of turns embrac¬ 
ing it. 
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voltage by an ordinary voltmeter and the average voltage by 
means of a commutator^ and d. c. voltmeter. To make simple 
the determination of hysteresis loss on a sine wave basis, without 
the necessity of determiining the value of form factor, a special 
iron-loss voltmeter^ has been devised by L.W. Chubb. An ad¬ 
vantage in the use of this instrument is that it corrects for small 

variations in frequency as well 



as in wave form so as to give the 
loss for a standard frequency 
and sine' wave form; a small 
error may be introduced, how¬ 
ever, by the fact that eddy cur¬ 
rent loss and h^’steresis loss do 
not follow the same law. 

As has been shown, hysteresis 
loss depends in a very definite 
manner upon form factor which, 
accordingly, in this connection 
has a definite and useful signifi¬ 
cance. In general, h owever, form, 
factor has no useful significance 
as an indication of the shape of 
a wave or its departure from a 
sine wave; in fact an irregular 
wave may have a third har¬ 
monic as large as 75 per cent of 
the fundamental and, if the har¬ 
monic is in the proper phase, as 
will be shown, still have the 
same form factor as a pure sine 
wave. 

An alternating wave is made 
up of a fundamental sine wave 

and harmonics with frequencies that are odd multiples of th*^ 
fundamental frequency. The form factor of a complex aw 
depends not only upon the amplitude of these harmom csbut^ 
2^ See Lloyd and Fislier, “ An Apparatus for Determining Form 
o£ a Wave of Magnetic Flu*,” SulUMurcm 

1908; F. Bedell, The Use of the Synchronous Commutator m. ^ 

Current Measurements, Journal oss^es Giving’ Sine-wave 

3. Method of 2S, p. 417, 

Results on a Commercial Circuit, A.i.ii. 

1909. See also pp. 432-473. 
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their relative phase positions. The exact value of form factor 
is determined as follows: 

Let Ex, Es, Ez, etc., be the r.m.s. values of the several har¬ 
monics. The r.m.s. value of the total voltage wave is 

£ = -f E32 

This comes from the well-known r.m.s. principle^ that the r.m.s 
value of any alternating quantity is the square root of the sum of 
the squares of its harmonic components, irrespective of their 
phase positions. 

To find the average voltage, let the instantaneous voltage be 

e — Elmax sin X Ez max Sin 3(x -f- 6z) “h Eb max siu 5(x -T 6i) 
where .r is a variable proportional to time; x = cot. 





Ezmax cos 3 (x + dz) 



— {Exmax + 4 Esma. COS 303 + Ez max COS 5 0B + • • • ■ ) , 
TT 3 O 


2V2 

TT 


(£1 +4 £3 COS 303 + 
o 



The form factor is, accordingly. 



1.1107 


( £i^ + £3^+ ■■■■) 

(£1 + 4 -^3 ^^3 + • ■) 


In this equation £i, Ez, etc., may represent either r.m.s. or 

maximum values. ' _ . 

In the following discussion the effect of the third harmonic only 
will be considered. Corresponding results for^ any other har¬ 
monic may be obtained in a like manner and will vary witl^ the 
order of th e harmonic; but in view of the results here shown and 
4 [ A proof of this principle is given on p. 391, “ The Principles of the 
Transformer,” 1896, by F. Bedell. 
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the tact that the results for any other harmonics would obviously 
be of the same character, such a laborious study does not seem 

It is seen that form factor varies with the phase as well as with 
the amplitude of the third harmonic; that is in the prece mg 
equation there are three variables, Es, ^3 and/. Figs. , am 
are plotted by assigning constant values to each one of these 



PHASE ANGLE, 03 

Fig. 3 


three variables in turn and evaluating the equation so ^ to obtain 
the law of variation between the other two variables. Each 
figure will be discussed separately; it will be seen however, that 
the remarks made in connection with any one figure apply to 

■^'\n Fig 1, each curve shows the variation of form factor with 
the ohase angle of the third harmonic when the hamaonic 
hal alefinirvalue, namely, 0, 0.01, 0.10, 0,20, 0.30, 0.33, 0.50. 
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0.75 and 1.00 times the fundamental. The variation of 03 from 
0° to 120° represents all possible values, for beyond these limits 
the curves repeat themselves. 

WhenEa = 0,/ = 1.1107 for all values of 03 . When E 3 >0.75, 
/ > 1.1107 for all values of 03 . When E 3 < 0.75 (the usual 
case),/may be greater or less than 1.1107, according to the value 
of 03 . 



4—Variation of Form Factor with Amplitude and • 
Phase of Third Harmonic 

The maximum value of f occurs when 03 = 60 deg. and this 
maximum is infinite® when E 3 = 3.00. 

The minimum value of form factor occurs when 03 = 0 deg. or 
120 deg., and the lowest value of this minimum is 1.0537 when 
Ez = 0.33|. The minimum value is 1.1107 when £3 = 0.75, 
and is greater than 1.1107 when £3 > 0.75. __ 

5. When £3 > 3, the value of / passes through infinity for two values 
of 03 , one greater and one less than 60 deg. 
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Fig. 2 shows the'variation of form factor with the amplitude 
of the third harmonic, when 6z is 0 deg., 10 deg., 20 deg., 30 deg., 
40 deg., 50 deg. and 60 deg. As in Fig. 1, it is seen that, when 
Ez = 0, / = 1.1107. When Ez < 0.75, / < 1.1107 for small 
phase angles. The minimum value of / is 1.0537. 

In Fig. 3, each curve is drawn for a constant form factor and 
shows the corresponding relation between £3 and dz. The heavy 
curve is drawn for / = 1.1107, corresponding to a sine wave of 



Fig. 5—Waves with Form Fig. 6—Waves with Form 


/ Factor,/ = !.1107 Factor,/ = !.08 

I 

electromotive force; Ez may have any value between 0.75 (when 
03 = 0 deg. or 120 deg.) and zero. If either Ez > 0.75 or 6z > 
30 deg., / > 1.1107. A form factor less than 1.1107 is obtained 
only when Ez < 0.75 and dz < 30 deg. or dz > 90 deg.; for these 
cases there are two values of Ez for each value of 03 . The curves 
shrink to a single point when / has its minimum value, 1.0537, 
corresponding to Ez = .33| and 03 = 0 deg. or 120 deg. 

Fig. 4, drawn in isometric projection, shows the variation of 
form factor with both Ez and dz. Cross-sections of Fig. 4, taken 
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parallel to each pair of axes in turn, would give curves as shown in 
Figs. 1, 2 and 3. 

To see whether or not there is any similarity of appearance in 
wave shapes that have the same form factor, Figs. 5, 6 and 7 were 


drawn by H. Papazian. The 
wave shapes in each figure 
have the same form factor, 
the corresponding values of 
Ez and dz being indicated in 
each case. Fig. 5 shows wave 
shapes having / = 1.1107, 
the same as a sine wave. 
Figs. 6 and 7 show wave 
shapes having / = 1.08 and 
1.14, a little more and a little 
less than a sine wave, respec¬ 
tively. The curves show no 
distinguishing characteristics 
by which it is possible to tell 
whether a certain curve has 
the same form factor as a sine 
wave or one that is greater or 
less. 

The use of five places may 
seem useless in designating 
the form factor of 1.1107 for 
a sine wave, but in plotting 
the curves here given, par¬ 
ticularly those shown in Fig. 
3, it was necessary to carry 
many of the calculations thus 
far. The results were, in 



/=1.14 


places, inconsistent and unintelligible when computations were 
less accurate; inspection of Fig. 3 will show that the form factor 
for a sine wave is a critical value and a slight change in this 
value makes a great difference in the character of the curve. 

In the following paper will be discussed other factors than form 
factor for indicating the amount of distortion of a wave from a 
standard sine wave. 



Presented at the 32d Annual Convention of 
the American Institue of Electrical Engineers, 
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II—DISTORTION FACTORS 

BY FREDERICK BEDELL 
ASSISTED BY R. BOWN AND C. L, SWISHER 

Abstract of Paper 

A discussion of the significance and usefulness of deviatiM, 
peak factor, harmonic factor and curve factor, is followed by 
a similar discussion of the differential distortmn factor « (which 
is the distortion factor of the Standardization Rules) and a 
corresponding integral distortion factor a defined in this paper. 

Each factor has its own significance as a numerical measure ot 
the departure of an irregular wave from a pure sine wave and 
hence has a special usefulness for special purposes, as well as 
a general usefulness as an indicator of wave ^stortion. A 
possible factor combining s and a- is suggested. 
of different factors with the phase, amplitude and frequency 
of harmonics is given. All the factors vary with the ^pli u 
of the harmonics; some factors are independent of their phase 
positions, while other factors are independent of their freqi^n- 
cies. Each factor has, therefore, its own characteristics. Ihe 
importance of s and cr and their combination is enhanced by 
the possibility of their use in alternating-current theory and 
calculation. 

T he wave shape of an alternating current or electro¬ 
motive force is completely defined by a curve that shows 
the value of the current or electromotive force at each instant 
of time during a cycle. Such a curve contains complete in¬ 
formation in regard to the shape of the wave in a way that is 
satisfactory for’ many purposes; but it does not give this in¬ 
formation in numerical form, convenient for calculation and 
practical use. Complete information in a numerical form can 
be given by an equation of the curve,—expressed usually as a 
series of sine terms,—but such an equation is cumbersome 
for daily use even in the hands of experts acquainted with its 
significance, and in the hands of others it is meaningless. 

It is desirable, therefore, to be able to define a wave shape 
to a certain extent at least, even if its complete characteristics 
are not defined—by a factor, coefficient or percentage which will 
be convenient to use and readily understood. Such a factor 
commonly indicates the departure of the wave from some 
standard, and for a standard a sine wave is generally used. 
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The departure from a standard sine wave may be indicated ■ 
in a way to be useful for general purposes only, as in case of 
deviation, or in a way to be useful for some specific purpose, as 
in case of peak factor (useful in testing of insulation) or of form 
factor (useful in connection with hysteresis loss but without 
general significance, as discussed in the preceding paper on 
form factor). These various factors for indicating the amount 
of wave distortion will be found to have varying degrees of 
usefulness both in theoretical investigation and in practical 
application. They are usually employed to indicate the distor¬ 
tion of voltage wave form, but may be used in a like manner to 
indicate the distortion of a current wave form when occasion 
arises. - . 

The curve which is compared with the standard sine curve 
may be the curve of the actual wave itself or it may be the dif¬ 
ferential or integral of. that curve,—as in the case of differential 
distortion factor and of integral distortion factor discussed later. 
Furthermore, for the standard sine curve of reference we may 
use the equivalent sine curve, as in the determination of devia¬ 
tion-, or we may use the fundamental sine curve, as in the de¬ 
termination of curve factor and harmonic factor. 

It is seen, therefore, that a variety of numerical factors are 
obtainable each with its own significance. It is the purpose 
of this paper to bring out certain characteristics of these several 
factors for comparison and to show the special significance of 
each, without attempting to give a detailed discussion of their 
determination or application. It is hoped that this may serve 
to open a discussion of the treatment of alternating currents 
of irregular wave shape, both in practise and in theory, by those 
particularly interested in such treatment. For greatest use¬ 
fulness, a distortion factor should be definite and determinable, 
should be convenient as a general measure of wave distortion 
and should have such a significance that it can be used in mak¬ 
ing alternating current calculations. 

Deviation 

Deviation is determined by a direct comparison of the wave 
itself (rather than its differential or integral) with a sine wave 
of equal r.m.s. value. This sine wave is the equivalent sine 
wave and is so superposed for comparison that the maximum 
difference between it and the wave being studied is made as 
small as possible. Under these conditions, the maximum dif- 
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ference between corresponding ordinates, divided by the maxi¬ 
mum value of the sine wave, is the deviation. To obtain devia¬ 
tion, the irregular curve and the equivalent sine curve may be 
plotted for comparison in rectangular or in polar coordinates, 
the latter having certain advantages for this purpose pointed 
out by L. W. Chubb (Transactions, p. 838, Vol. XXXII.). 

Although a direct comparison with a sine wave would seem 
to be the simplest possible measure of deviation, such a com¬ 
parison in the manner described can only be made by a cut and 
try process and is not susceptible to simple mathematical 
analysis. Deviation has a certain obvious common sense mean¬ 
ing but, so far as we can ascertain, its value does not have a 

significance (such as is possessed 
by some of the factors discussed 
later) that can be used in calcula¬ 
tion. 

Deviation indicates the departure 
from a sine curve in amount but 
not in kind. It gives no indica¬ 
tion whether a wave is peaked or 
fiat, regular or irregular, etc.; waves 
with the same deviation may have 
very different form factors, peak 
factors and differential and integral 
distortion factors. 

Fig. 1 shows four wave shapes, 
very different in form, consisting 
of a fundamental and a third har¬ 
monic equal to 0.30 of the funda¬ 
mental placed in various phase 
positions. The deviation is approximately 0.325 when the 
phase angle Bz = 0; 0.295 when Bz = 20 deg.; 0.29 when^^s — 
40 deg.; 0.32 when Bz = 60 deg. It is seen that the deviation 
is not far from constant and that its value differs but little from 

the value of the harmonic, 0.30. 

The deviation is measured in terms of the equivalent sine 
wave, while the harmonic is measured in terms of the funda¬ 
mental sine wave, and these two sine waves are not coincident 
either in phase or amplitude. The ratio of their amplitu es 
is the curve factor, discussed later, but there is no simple re a- 
tion between their phase positions. There is, accordingly, no 
relation between deviation and the amplitude of the harmonic 
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or harmonics present that is simple and exact, although as in 
Fig. 1 the two may be nearly equal when only one harmonic 
is present. 

Deviation is defined in the Standardization Rules of the 
Institute and although not in extensive use, it has an obvious 
practical significance. 

Curve Factor and FIarmonic Factor 

Curve factor is the ratio of the r.m.s. value of a wave to the 
r.m.s. value of the fundamental. 

Harmonic factor is the ratio of the r.m.s. value of all the 
harmonics of a wave, exclusive of the fundamental, to the 
r.m.s. value of the fundamental. 

The term curve factor has been in use, but the term harmonic 
factor we believe has not. 

Let E and Ei be the respective r.m.s. values of an irregular 
wave and its fundamental; let Eh be. the r.m.s. value of all 
the component harmonics, taken collectively, without the 


E|-100 


HEuMft 



* 0.10 


Fig. 2a—Quadrature Rela- Fig. 2b—Relation between 
TiON BETWEEN Fundamental, £1, CJurve Factor and Harmonic 
AND Collective Harmonics, Eh Factor 


fundamental. From the r.m.s. principle* that the r.m.s. value 
of an alternating quantity is the square root of the sum of the 
squares of the r.m.s. value of its harmonic components, we have 
the following relations: 

1/2 

Eh = {E,^ + E,^ + £72 + . . .) 


1/2 

E = (EF + Eh^) 



= (1 + /i2)i/2 X El. 

The harmonic factor h represents the combined harmonics 
in terms of the fundamental Ei, taken as unity. It is seen that h is 
independent of the phase and order of the several harmonics. 
One harmonic has the same weight as any other and it makes 
no difference whether many harmonics or only one are present. 

*For reference to proof, see the preceding paper on Form Factor. 
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hX 100 is the value of the combined harmonics expressed as 
a percentage of the fundamental. 

From the foregoing, we have 

Curve factor = E/Ei = (1 + 

By a convenient approximation, 

Curve factor = (1 + = 1 + ~ 2)- 

As an illustration, let E\ = 100 and let the collective har 
monies be 10% of the fundamental. The harmonic factor then 
15 h = 0.10. The curve factor is 1.005 and the r.m.s. '^lue 
of the total wave is 100.5, as shown in Figs. 2a and 2b. With 
h known, curve factor can be accurately calculated. e re 
verse calculation, however, is not so accurate, for a small error 
in curve factor will make a l^rge error in h. 



Fig. 3—Variation of Peak Factor with Phase of Third Harmonic 

Curve factor and harmonic factor are useful in their applica¬ 
tion but difficult in their determination. In an induction 
motor, the r.m.s. line voltage divided by curve factor gives the 
fundamental and this alone gives torque to the rotor. 

Peak Factor 

Peak factor or crest factor is the ratio of the maximum to the 
r m s value and is 1.414 for a sine wave. So far as the third 
harmonic is concerned, the peak factor will be a maximum 
when the phase angle 6, = 60° and a minimuni when 03 - 0 
or 120°, as shown in Fig. 3. The variation of 03 from^ o 
120 ° represents all possible values, for beyond these limits the 
curves shown in Fig. 3 repeat themselves. A simple expression 
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for peak factor in terms of the amplitude and phase of the 
harmonic or harmonics present is, we believe, not obtainable. 
The curves in Fig. 3 were obtained by a partly analytical and 
partly graphical process. 

Peak factor has an importance in various tests, particularly 
in insulation testing, and may be calculated from the measured 
r.m.s. and maximum values. One of the best methods for de¬ 
termining the maximum value of a voltage wave experimentally 
is to measure with a d-c. instrument and synchronous com¬ 
mutator the current taken by a condenser connected across 
the circuit to be tested.^ 

Differential and Integral Distortion Factors 

In an alternating current circuit many effects do not depend 
directly upon the value of some particular alternating quantity 
but depend upon the differential or upon the integral of that 
quantity with respect to time. The value of its differential 
or integral is, therefore, in many respects of as much importance 
as the value of the quantity itself. This is the case when a 
circuit contains inductance or capacity. 

When a quantity varies as a sine function of the time, both 
the differential and the integral of the quantity are .likewise 
sine functions and so have the same wave shape as the original 
quantity. In the case of an irregular wave, however, its dif¬ 
ferential and its integral are distorted, each in a particular 
manner, so as to have wave shapes that differ from the wave 
shape of the original quantity and from each other. The dis¬ 
tortion either of the differential wave or of the integral wave, 
compared with a sine wave as a standard, may, therefore, be 
taken as a measure of the distortion of the original wave itself. 
The two results will be different in their numerical values and 
in their .significance and application. 

Based on the foregoing are the following definitions: 

The differential distortion factor (5) of a wave is the ratio of 
the r.m.s. value of the first derivative of the wave with respect 
to time, to the r.m.s. value of the first derivative of the equiv¬ 
alent sine wave. 

The integral distortion factor (cr) of a wave is the ratio of the 
r.m.s. value of the integral of the wave with respect to time 
to the r.m.s. value of the integrsil of the equivalent sine wave. 

1 . See Chubb and Fortescue, A. I. E. E. Transactions, Vol. 32, 
1913, p. 739; F. Bedell, Electrical World, Vol. 62, 1913, p. 378; F. Bedell, 
Journal of .the Franklin Institute, Oct. 1913. 
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It will be seen that the factor 5 is the distortion factor as now 
defined in the Standardization Rules of the Institute. The 
corresponding factor a, based on the integral instead of the, 
differential relation, will also, it is believed, be found useful, 
both in itself and in conjunction with 5. A following paper, 
by F. M. Mizushi, shows the application of these factors 0 
and (T and of I/her = - cos 1 ' in obtaining certain solutions for 
non-harmonic alternating currents. These factors become more 
desirable as they are given a rational as well as an empirical basis. 
The significance of d and <J is brought out in the subsequent 

paragraphs. 

Differential Distortion Factor 
Let e be the instantaneous value of an irregular voltage 
wave and let e' be the instantaneous value of its equivalent 
sine wave. If is a variable proportional to time {x - 
the differential distortion factor is, by the foregoing defimtion, 

d = r.m.s. (de dx) r.m.s. {de' a- dx). 

The irregular wave, c, may be represented in the well-known 
manner by a fundamental sine term and a series of harmonics; 

thus, . 

e = £ima» sin X + Ezmaz sin 3(x -h dz) 

+ Eimax sin 5(x -h 05 ) + • • ■ 

Hence, 

de,^dx= Eimax cos X + 3 Ezmax COS Z {x + 63 ) 

-f Esmai cos 5 (x + 06) +- 

By the r.m.s. principle already referred to, we have then 

r.m.s. {de - dx) = (EF.+ 9Ez^ + 25E5^ + . .. .)'/^ 

where£i, E3, etc.,, are r.m.s. values. _ 

For the equivalent sine wave, we have, in a like manner, 

e' = Emax sin (x + (x); 
de' -f- dx = Emax cos (x -f a)-, 
r.m.s. {de’ ^ dx) = E = (£.^ + 

The differential distortion factor is, accordingly, 

^ (£ d + 9E3^ + 25E5^ + ■ ■ OV" 

^ = (Ed+ £^3+ £5^+ • • 

In this last equation E^, £ 3 , £5, may be either maximum or 
r.m.s, values. 
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It is seen that 5 depends only upon the amplitude and the 
order or frequency of. the several harmonic components, being 
independent of their relative phase positions, d is unity for a 
sine wave and is greater than unity for an irregular wave by 
an amount that increases with the amplitude and order of the 
harmonics present. In the foregoing discussion, terms for odd 
harmonics only have been introduced; terms for even harmonics 
can be introduced in a like manner. 

When only one harmonic is present, the variation of d with 
the amplitude of the harmonic is shown by the curves in Fig. 4; 
each curve is drawn for a particular harmonic, the amplitude 
of which is expressed in terms of the fundamental which is 
taken as unity. The curves in Fig. 4 for the third, fifth, seventh 
and ninth harmonics approach the values 3, 5, 7 and 9, respec¬ 
tively, as their amplitudes approach infinity. The variation 



Fig. 4—Variation of Dis¬ 
tortion Factor 5, with Am¬ 
plitude OF Harmonic 


Fig. 5—Variation of Dis¬ 
tortion Factor 5, with Order 
of Harmonic 


of d with the order of the harmonic is shown in Fig. 5. Figs. 
4 and 5 indicate that d increases in a regular and more or less 
uniform manner with the frequency and amplitude of any single 
harmonic present. It is seen that more weight is given to an 
harmonic of high frequency than to an harmonic of low fre¬ 
quency; whether this is an advantage or otherwise will depend 
upon the point of view and upon the nature of the case under 

consideration. - 

When more than one harmonic is present, the result is not so 

regular and is not so easy to interpret. 

It may be shown that the current flowing into a condenser 
'is directly proportional to 5; that is, I = 5 CcoE. It is seen, 
therefore, that § is directly proportional to the condenser ad¬ 
mittance and inversely proportional to the condenser reactance. 
Experimental methods for determining 8 are thus indicated. 
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as well as definitions for S in terms of of 

denser admittance or condenser reactance. Thus, 

reactance, 



which gives the definition: s a distorted voltage 

The differential distortton factor a^o^ a „„ 

wave is the ratio of the reac a « CP/n on the distorted 

a sinusoidal voltage to its reactance (E/D on 

''tl^estions as to the measurement of differential distortion 



0.5 


L-4-4— 

° amplitude of harmonic 


p,,. e_v«:.r.ou or Dxsrorxma Jacroa u ..no or 1/u, w:rH Ampoo 

tude of Harmonic 


factor and its definition will be found in a paper^ by C. M. 
Davis and in its discussion. 


Integral Distortion Factor 
According to the definition already given, the integral is- 
tortion factor has a value 



u » .Tid e' are the instantaneous values of an irregular 

sme wave, respectively, and r is pro- 

p. 775, Vol. XXXII, 1913; discussion, pp. 
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Substituting for e a series of sine terms, as before, and inte¬ 
grating, we have 



cdx — ^imax COS X ^Zmax COS 3(^ "j” ^ 3 )"]“ • • . 


and 


\TCL.^,^edx = ^jEi“ + — ^ 


£ 5 - + 


We have, also,- for the equivalent sine wave 

e' = Efnax sin {x + a); 


e' dx = —Emax cos (x + a); 



■.m.s .dx = E = 


,1/2 


1/2 


(£i2 + £32 + £^2 + j , 

The integral distortion factor is, accordingly, 


y ^0 

“ (Ei^ + £s^ + + 

In this last equation, £i, Ea, £5, etc., may be either maximum 
or r.m.s. values. 

It is seen that the factor <r, as well as the factor 5, depends 
solely upon the amplitude and order of the various harmonics, 
and is independent of their phase positions. Each factor is 
unity for a sine wave. Distortion from a sine wave makes a 
less than unity, whereas, as has been shown, it makes d greater 
than unity. The frequency of an harmonic has less effect on 
the value cr than on the value of 5. 

In Fig. 6 is shown the variation of <r and 1 /(X with the ampli¬ 
tude of the harmonic when the 3rd, or 5th harrrionic alone is 
present. For any harmonic higher than the 5th, the values of 
a and I/o' are practically the same as for the 5th; thus, for an 
harmonic equal to 0.60, or is 0.864 for the 5th, 0.861 for the 
7th, 0.86 for the 9th harmonic. (This holds for harmonics of 
reasonable finite amplitudes, but not when the amplitudes 
approach infinity; o* then approaches 1/3, 1/5, 1/7 and 1/9 
for the 3rd, 5th, 7th and 9th harmonics, respectively.) 

Fig. 7 shows how little variation there is of or and 1/or with 
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Tt will be recalled that 5, on the 
‘otL" te" -ies practioany ia p.opo.tioa to 

„e plotted in Fig. 8 show^e val-o£j 
oonding to different values of o. 

Lple relation these quantiti^.^^ ^ 

It can be shown that mdnctive , 

age wave is inversely proportional to <r, that . 

j = ^£-eico; <r - L<. ^ (E/D- 

Hence the definition: a distorted voltage wave 

The integral distortion factor n ot a msi 





2.0 . 3.0 

distortion factor,<5 


£3 '^5 

ORDERJDF HARMONIC. , 

nri. Fig 8—Relation between <r, 

Fio. 7 -Variation of Dis- 
tortion Factor fr, and 
l / ff , WITH Order of Harmonic 

ia the ratio of f voltage" X 

re"rthe distort^ 

::rtt—ronid*^^^ 

^rtcLre—nts a correction for resist- 
ance might be applied. 

COMBINED Distortion Factor 

;fc. in pach of the distortion factors 

As there are certain mer (disadvantages, according to 

th^^er^lttd^r:^^ — wefght to the higher 
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harmonics, a combined factor might be found—a useful com¬ 
promise that would be free from the objections to either one 
alone. Furthermore, in alternating current calculation, as 
brought out in the following paper by Mr. Mizushi, certain 
results depend not upon the factor 5 or the factor cr alone, but 
upon their product da, and upon vp- = — cos"^ (1 da). Figs. 
9, 10 and 11 are, accordingly, drawn to show the characteristics 
of these combined factors. 

Fig. 9 shows the variation of 8a and I/da with the amplitude 
of harmonic. 

Fig. 10 shows the systematic 
variation oi 8 a with the order 
of the harmonic. 

Fig. 11 shows the variation of 
the angle ^ — cos“^ (1 8a) 

with the amplitude of harmonic. 

Aside from the special signifi¬ 
cance of these combined factors 
in alternating-current calcula¬ 
tion, they may have a general 
application as a measure of wave 
distortion. 

If an inductive reactance and 
a capacity reactance are con¬ 
nected in parallel across a cir¬ 
cuit, the voltage distortion of 
which is under consideration, "I' 
l-^6o■ is the cosine of the effec¬ 
tive phase difference between the 
currents flowing in them. This 
suggests possibilities of measure¬ 
ment, should it be found worth while, by some kind of split 
dynamometer, phasemeter or power factor meter, that would 
give the value of cos ^ and would thus indicate the amount 
of wave divStortion. (Possible error due to resistance in the 
inductance would have to be taken into consideration). This 
is a suggestion rather than a recommendation. Possibly some 
other combination of d and a than the one here suggested 
might prove practicable. 

Conclusion 

It is seen that there is a variety of factors, any one of which 
may be used as an indication of wave distortion. These factors, 
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however, differ in their significance and give different wights 
to various elements or characteristics of wave distortion, thus, 
peak factor and form factor (see the paper on form factor 
immediately preceding) are much affected by the phase re a- 
tions of the component waves; deviation is less affected, whil 
crest factor, harmonic factor, and the differential and integral 
distortion factors are not at all affected thereby. ^ 

Again, the differential distortion factor gives great weig 
to the order of an harmonic component, an harmomc of hig er 
frequency having a much greater influence on the value of the 
factor than an harmonic of lower frequency and the same 
amplitude, while the integral distortion factor gives little 
weight to the order of an harmonic, and curve factor and ha 
monic factor give to it no weight at all. 



amplitude OF HARMONIC 

ORDER OF HARMONIC 


10_VARIATIONOF6aWITH FiG. 11 -VaRIATION OF 

Fig. 10 variation U = cos'U/So -with Amplitude of 

Order of Harmonic 

Harmonic 

Each factor, therefore, with its emphasis on particular char¬ 
acteristics, is suited for its own special use; thus, 
and form factor are useful for certain purposes already referred 
to, difierential distortion factor and integral distortion fac or 
are useful for theoretical calculations, etc. 

As a general indicator of wave distortion, any one of several 
factors would be suitable-deviation, the curve and hamomc 
factors, the differential or integral distortion factor, or a com 
bination of these two. Important elements in the selection 
of a factor are its avaUaiiUly, or the readiness with which it 
may be determined from the available data, expOTmental or 
“herwise, and the definiteness of its significance. ^ The harmonic 
factor, or percentage of the combined haimomcs, is very defi- 
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nite in its significance, for it states exactly the components 
of a wave that are present in addition to the fundamental sine 
wave and so gives directly the information that is desired for 
many purposes; but this factor seems hardly available for 
general use as there is no ready method for determining it. 
In this respect the distortion factors d and c or a combination 
of the two offer, it is believed, perhaps, the greatest possibilities 
for usefulness. Their value is enhanced by their specific use¬ 
fulness in alternating current calculation. 


APPENDIX I. 

Definitions and Values of Various Factors 


Factor 

Definition 

Value 

Form factor, 

/. 

r.m.s. voltage 

(£i2 +Ba* 

1 1107 . . 

average voltage 

JSi +1/3 Ez cos 3 ^8 +... 

Deviation 

maximum deviation from equivalent sine wave 

maximum value of equivalent sine wave 

Peak factor 

maximum voltage 

r.m.s. voltage 


Harmonic factor, 

h. 

r.m.s. of harmonics 


r.m.s. of fundamental 


Curve factor 

(1 

r.m.s. voltage 

(£,2+£a2+£6*+£r* + ..).‘" 

r.m.s. of fundamental 

El 

Differential 
distortion factor, 

6 . 

r.m.s. {de -i-dt) 

(El®+(3£a)*+(6£e)*+ ...)•■" 

r.m.s. (de' -5-d/)* 

(£i® +£a® +Ea® 

Integral 

distortion factor, 

0 . 

r.m.s. J edt 
r.m.s. y e*di 

£i® +(l/3Ea)» +(l/6£a)® + 

El® +£«* +Et* +...).*' 


♦Note: e* is instantaneous voltage of equivalent sine curve. 
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£3 = 10% 

£3 = 20% 

£3 = 30% 

£3 = 40% 

£3 = 50% 

£3 = 60% 

£3 = 70% 
£3 = 80% 
£3 = 90% 
£3=100% 

£3 = 10% 
£5 = 20 % 
£6 = 30% 
£b = 40% 
£b = 60% 
£3 = 60% 
£3 = 70% 
£b = 80% 
£b = 90% 

£3 =100% 
£7 = 10% 

£7 = 20% 
£7 = 30% 
£7 = 40% 
£7 = 50% 
£7 = 60% 
£7 = 70% 

£7 = 80% 

£7 = 90% 

£7 =100% 

£9 = 10% 
£9 = 20% 
£9 = 30% 
£9 = 40% 
£9 = 50% 
£9 = 60% 
£9 = 70% 
£9 = 80% 
£9 = 90% 

£9 =100% 


APPENDIX II. 

Numerical Values of Certain Factors 


0.996 

0.983 

0.963 

0.937 

0.907 

0.875 

0.841 

0.808 

0.775 

0.745 

0.995 

0.981 

0.960 

0.932 

0.900 

0.864 

0.828 

0.791 

0.755 

0.722 

0.995 

0.981 

0.959 

0.930 

0.897 

0.861 

0.823 

0.786 

0.749 

0.714 


1 So 1 

\/Bo 1 


1.036 

0.971 

13°-50' 

1.12 

0.894 

26°—40' 

1.24 

0.806 

36°—20' 

1.36 

0.736 

42°-40' 

1.46 

0.685 

46'’-45' 

1.54 

0.650 

49°—30' 

1.60 

0.625 

51°—20' 

1.64 

0.610 

520—20' 

1.66 

0.602 

53°-00' 

1.66 

0.602 

53°—00' 

1.104 

0.907 

24°—50' 

1.363 

0.730 

43°-10' 

1.66 

0.602 

53°-00' 

1.94 

0.516 

59°-00' 

2.17 

0.461 

62°-30' 

2.34 

0.428 

64°—40' 

2.46 

0.407 

060-00' 

2.54 

0.394 

66°—50' 

2.58 

0.388 

67°—10' 

2.61 

0.384 

67°-35' 

1.20 

0.833 

33°-30' 

1.66 

0.602 

53°-00' 

2.14 

0.463 

62°-25' 

2.56 

0.390 

67°-00' 

2.93 

0.342 

700-00' 

3.18 

0.314 

710-40' 

3.37 

0.297 

72°-40' 

3.48 

0.287 

73°-20' 

3.55 

0.282 

73°-35' 

3.57 

0.280 

73°-45' 

1.33 

0.752 

41°—10' 

1.98 

0,505 

59°-40' 

2.65 

0,378 

67°-50' 

3.22 

0.310 

720—00' 

3.69 

0.271 

74°—20' 

4.04 

0.248 

75°-40' 

4.28 

0.234 

76°-30' 

4.45 

0.225 

77°-00' 

4.52 

0.221 

770-10' 

4.55 

1 0.220 

77°-20' 
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III_AN analytical and graphical solution for 
noSusoidal alternating currents 


by f. m. mizushi 


Abstract of Paper 

The solution which is ““Tm'lJdified 

o & - as to 

thTaeneral analytical solution for series circuits 

The^lTheScal transformations on which the solutions 
are based are given in an appendix. 

i-'OR CIRCUITS containing constant resistance R, induc- 
F tance L and capacity C, the general solution for sinu¬ 
soidal alternating currents is well known and is “ 

It is desirable to have a corresponding general solution ms p 
form for non-sinusoidal alternating currents; to develop such a 
soteion. both analytically and graphically is the obieet o 
paper Certain special cases, to which reference is given later, 
Lve been treated by A. Russell, but it is believed that no general 

solution has been published. The wnter is ^ 

Bedell in whose class the investigation originated, for suggestion 
and assistance in the preparation of this paper and to vano^ 
members of the class for their cooperation The 
has previously been attacked in this laboratory by B. Arakawa , 

hilt in a somewhat different manner. ^ 

The treatment i s divided into two parts, dealing wit —se^ 

■ 1. Vector Representation of Ncn-Harmonic Alternating Currents, 

Physical Review, p. 409, Nov. 1909. 
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and parallel circuits, respectively, and in each part the general 
analytical solution is followed by a graphical solution and a 
discussion of special cases. • 

Pa.rt I. R, L AND C IN Series 
Let the voltage and current at any instant be represented by 

e = Eirnax sin {(At — ax) + Esmaisin d {(xit — as) + . ■; (1) 
i = Iimoisin (coi - + Ismax sin 3 (co^ - /^s) + • • • (2) 

The general relation between e and i for a circuit containing 
R, L and C in series, is shown by the well-known fundamental 
equation 


6 = Ri T L 


rdi , I C . 

-3r + c J“ 


Let us square each side of this equation and multiply by the 


operator 


J T 


The left-hand side of the equation is then 


equal to the mean square voltage, for 


J T 


The right-hand side consists of six terms, as given in detail 
in Appendix 1. After some reduction, two of these become zero 
and the remaining four may be written as follows: 


= (RI)^ + (d'LcoJ)2+ 


2 ^ 

E={r^ + (d'Lo,y + (-£-) - -f") ^ (6) 


where Z is the impedance of the circuit, and 8' and (T' are, respec- 
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tively, the differential and integral distortion factors for current, 
namely, 


_ (Id + (3 IzY + (5 hY + ■ 
(Id + Id + Id + .. 


(7) 



(Id + Id + Id + .. .)^ 


( 8 ) 


5' and cr' are current distortion factors, marked with a prime to 
distinguisli them from the voltage distortion factors (5 and cr) 
used later. 5 and d' are differential distortion factors, while 
cr and cr' are integral distortion factors, the significance of which 
is discussed in the paper immediately preceding on Distortion 
Factors by F. Bedell. 

Equation (6) gives the value of the impressed voltage at the 
terminals of a series circuit in terms of the current I and its 
distortion, factors h' and tr'. Inasmuch as the current has the 
same value in all parts of a series circuit, it is the current that is 
the connecting link between the various elements of such a cir¬ 
cuit, and it is current distortion rather than voltage distortion 
that is significant in this case. On this account the solution for 
a series circuit is restricted in its application. For parallel 
circuits, the voltage is the common link between the several 
elements and, as will be shown later, the solution for parallel 
circuits is therefore in terms of voltage distortion, which is a 
form more suitable for practical applications. 

For a non-sinusoidal current, > 1; o'' < 1. 

For a sinusoidal current d' = 1, cr' = 1 and equation ( ) re¬ 
duces to the well-known form 



The impedance of a series circuit becomes a imnimum for a 
nolsLusoida! current when o. - Vu' ^ 5' i C, or. forsmu- 


soidal currents, when w 



Graphical Solution; R, L and C in Senes. Let us use for non- 
sinusoidal currents, the graphical relation in common use for 
sinusoidal currents, namely.that reactance and resistance may 
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represented by two sides of a right triangle the hypotenuse of 
which represents the impedance; as in Fig. 1. Thus, 

Z = V 

From equation (6) we also have 

Z = -vj i?* + (3' i a>y + (-|^) - ^ 

whence ___ 

X = («' !,«)= + (-^) - ^ (10) 



Fig. 1 Fig. 2 


When 5' and o" are unity, (10) reduces to the well-known 

V r 1 . 

value for the reactance for sinusoidal currents, X — Lw > 

the total reactance is then the arithmetical difference of the 
inductive reactance and the capacity reactance, which are graphi¬ 
cally represented in the same straight line but in opposite direc¬ 
tions. 

For a non-sinusoidal current, however, the inductive re¬ 


actance 6'Leo and capacity reactance 


a' 

Coi 


are no longer in a 
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straight line, but are laid off as in Fig. 2 with an angle between 
them, where 

•1 

cos^ = 

For non-sinusoidal currents, <180 deg., for sinusoidal 

currents, = 1, o’' = 1,'F'= 180 deg. 

This graphical construction is justified as follows: ^ 

From Fig. 1 or Fig. 2, we have, by a well-known trigonometrical 

relation, 

X = >1 (S'L a.)» + (-^y + 2(3' L a.) [-£) cos iP' 


Since cos = 


1 

5' (T'’ 


this is identical with ( 10 ) already 


obtained analytically. d'Lo:, a'/Cw and Z are in one plane, 

at right angles to the resistance, R. /-. • u a. 

Special Cases for Series Circuit. For L and C, without 

resistance. 


= I nI 


(5'Lco)2 + 


/ cr' \'_ ^ 


The reactance, as shown in Fig. 2, is the vector sum of d'Lo) and 
drawn with an angle 'F' between them. With non-sinu- 

Co3 ’ 

soidal currents, capacity and inductance cannot fully neutralize 
each other so as to make the total reactance zero, as in the case 

of sinusoidal currents. 

For R and L, alone, 

E = I V R^ 4- (^' L oif 

For R and C, alone. 




(13) 
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Figs. 3a and 3b show the reactance component, in quadrature 
to the resistance component, for these two cases. The solution 
for these two special cases has been given by A. Russell.^ 

For L alone, 

E = d' L 0)1 (14) 

For C alone. 



d'l 

Co) 


(15) 


These equations indicate the possibility of determining the 
current distortion factors d' and cr' experimentally by measuring 
the current and the voltage drop around a known inductance 
or capacity in series with the circuit in question. 



R Z 

Fig. 3a Fig. 3b 


Part II. R, L and C in Parallel 
Let the instantaneous values of voltage and current be repre¬ 
sented by e and i, as already given in equations (1) and (2). 
The general relation between e and i for three circuits in parallel, 

one circuit containing a conductance i ~ ^> another X and an¬ 
other C, is given by the general equation 



1 V _L 



(16) 


This equation is of the same form as (3); it is to be noted 
however that & and i are interchanged, L and C are interchanged, 

and ^ or g is written for R. By squaring and multiplying by the 
R 


operator 




we obtain, in the same manner that equation 


(6) was obtained from equation (3), the following solution: 


P = {gEy + (^)T (sceoiY-^Ljp 


2. See Alternating Currents, Vol. I, p. 80. 
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where Y is the admittance of the three circuits in parallel, a.nd 
5 and 0 - are, respectively, the differential and integral distortion 
factors for voltage, as discussed in the preceding paper by Dr. 
Bedell. 

(Ed + (3 E.s)^ + (5E5)^ + • • OL (19) 

^ “ (Ed d-Es' +£5® + . ..)^ 


■)' ») 

^ “ (Ed + E32 + Eb' + .. .)^ 

The admittance Y in equation (18) becomes a minimum when 

oi=V(TA-dLC. ^ 

For a non-sine wave: 5 > 1, cr < 1. . For a sine wave: 0 = 1, 

cr = 1, and equation (18) becomes 

^ = [s' + (tS" " ^ 

Graphical Solution; R, L, and C in Parallel. For a se ^ 

circuit, use has been made above of the relation Z — + 

For a parallel circuit, use may be made of the corresponding 

relation _ 

Y=Vg‘^ + b\ 

the admittance F being made up of two quadrature components, 
namely, the conductance g, and the susceptance b, as shown in 

Fig. 4. 

From equation (18) it is seen that 

Figs. 4 and 5 show that the susceptance b is composed of the 
inductive susceptance (^) and the capacity susceptance 
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dCcio, laid off not in the same straight line (as for sinusoidal 
currents) but with an angle ^ between them, where 

cos = -^ . (22) 

or 0 

This construction is justified by the fact that, in Figs. 4 and 5, 



Fig. 4 Fig. 5 


which becomes identical with ( 21 ) upon the substitution of 


-fr for cos '4^. 

<r 0 

Special Cases for Parallel Circuits. For L and C in parallel, 
without resistance, 
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The susceptance diagram for this case is shown in Fig. 5. 

^ is the phase difference between the currents in the inductance 
and capacity and its value indicates the amount of voltage dis¬ 
tortion; for a sine wave of voltage, = 180°. This case is 
partially treated by A. Russell, VoL I, p. 84. 

For R and L, alone, in parallel 

I = E\/i^ + (■^)' (24) 

For R and C, alone, in parallel 

I = E V g2 + (5 Cay (25) 

The currents through the resistance and reactance, in these two 
cases, are in quadrature. 

For L, alone, 

7 = ‘ or a ~ Loil E (26) 

Loi 

For C, alone, 

7 = 5C£a;;orS = /^CF:co (27) 

The voltage distortion factors, 5 and <t, may thus be determined 
experimentally by measuring the current taken by a pure in¬ 
ductive reactance or capacity reactance, respectively, when the 
voltage E is applied to its terminals. 

Appendix I. Derivation of Equation (6). 

From equation (2) we obtain 

= CO hmax cos ( CO/ — |3i) + 8 CO / 3max COS 3 (CO/ — ^ 3 ) + • • • 

dt , 

jidt = - cos (CO/ - /3i) - cos 3 (CO/ - /^s). 

dt, and substituting 
0 

these values for -^a.ndfUt, we have for the right-li^nd side 


Squaring (3), operating on it by 
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of the equation the following six terms, designated as (a), (b), 
(c), (d), (e) and (f). Two of these equal zero; the remaining 
four, after being reduced and simplified as below, appear in 
equation (6). 

(a) ^ I ^2 where I is the r.m.s. value of current. 


(b) U 




= [hmazCOS {0)t - iSi^dt 


T 


+ £* w® 3*— 1 [l3™,cos3 (at - dt+ ... 


= i'w® [ Jj> + (3 Zj)* + (5 Z,)» + . ..] 

= (d'Laiy. 

S' is the difierential distortion factor for current, 
(Zi^+(3/3y+ (51,)=+... )* 


{Zi= + Is" + Zs" + ...)‘ 


( 7 • \ 2 

involves the products of different 

frequencies, such as cos {cot — /3i) cos Z (ot — ^ 3 )) etc., which 

become zero after being operated on by Ujit. 

0 

(c) Ijrj (lidtfdt = [-Z.„,„cos(co(-ft)?Z< 


+ Y z {at - ^s) Y at + ... 


- rfe; ['■■ + (t)‘ Ux)‘ r . . . ] 


-©)■ 
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Discussion on “ Form Factor and its Significance (Be¬ 
dell, Bown, Pidgeon), “ Distortion Factors (Bedell, 
Sown, Swisher), and “An Analytical and Graphical So¬ 
lution FOR Non-Sinusoidal Alternating Currents 
(Mizushi), Deer Park, Md., June 29, 1915. 

Joint Committee on Inductive Interference (communicated); 
Apropos of the present general consideration of irregular wave¬ 
forms, this committee desires to call attention to an importan 
aspect of this subject which has not hithertb received the_ atten¬ 
tion which it merits. The interest of this committee m this 
matter arises from its bearing upon the subject of the cornini ee s 
investigation—inductive interference. It is 
the facts to say that were it not for the irregularities wave¬ 
form of common occurrence in power circuits, the necess^y 
the formation of a committee of this character would no 
all probability have as yet arisen. There is a strong presumptio 
that the difficulties not arising from irregularities of wave fo^ 
could have been overcome without the medium of such a com- 

^^t was forced to the attention of the committee at the outset 
of its ffivestigation that practically the entire trouble arising 
from the inductive effect, upon telephone circuits, of power 
circuits in normal operation, is due to the harmonics present 
?he current and vdtage waves of the power^ systems The 
fdlowing extract is taken from the committee s th^ 

California State Railroad Commission, published in 
ceZngs, Sept.. 1914. (A. I. E. E. Transactions, XXXIII, 

^^“^The frequency of the voice currents flowing in a 
circuit ranges from about 200 cycles per sec. up to possibly 2000 
cycles per sec. The average voice frequency is considered to b 
approximately 800 cycles per sec., and at 

the telephone receiver is most sensitive. It is on account of 
these considerations that extraneous currents of the higher t 
quencies, arising from the harmonics of a_ 
relatively more detrimental to telephone service The liarmonics 
S Se power systems have been found to be responsible for 
the grea^ter portion of the inductive interference to telephone 
serviL, under normal operating conditions 
circuits. Any extraneous current of a jequpcy _ within the 
audible range produces a disturbance which impmrs the effi¬ 
ciency of a telephone circuit. The combined ettects ot ^ 
Ltra^eous currents present, 

audition, constitute the humming noise heard in the receiver 
of a telephone circuit which is subject to , r . 

The report then goes on to state that the effect of the 
mpntfll freauencv (60 cycles or less) on telephone circuits is 

relatively unimportant unless the 

is so severe as to constitute a physical hazard or to operate tn 



1172 IRREGULAR WAVE SHAPES [June 29 

protective devices on the circuits or interfere with superimposed 
telegraph service. 

The report further sums up the matter in regard to irregular 
wave-forms as follows: 

“ The fact that practically all inductive interference to tele¬ 
phone circuits is due to the harmonic currents and voltages, 
renders it important that an effort be made to obtain rotating 
machinery for use in power systems which produces as nearly as 
is reasonably possible pure sine waves of fundamental frequency, 
and also* that an effort be made to obtain transformers and to 
arrange connections of the same in such a manner as to reduce 
as far as practicable the distortion of wave-form.” 

Among the rules recommended by the committee and subse¬ 
quently adopted by the California State Railroad Commission 
the following occurs: 

“ Wave-Form of Rotating Machines. The power company 
shall make every effort to obtain generators and synchronous 
motors for use on all parts of the system, giving, as nearly as 
reasonably possible, pure sine waves of voltage at fundamental 
frequency. In no case shall the deviation from a pure sine wave 
exceed the limit set forth in the Standardization Rules of the 
American Institute of Electrical Engineers.” 

Exciting Current of Transformers. In order that the wave¬ 
shapes of voltage and current may be distorted as little as practi¬ 
cable by transformers, the main line transformers employed on 
circuits involved in a parallel and on future extensions of such 
circuits shall have an exciting current as low as is consistent with 
good practise, and in no case shall the exciting current at rated 
voltage exceed ten per cent of the full load current. Such 
transformers shall not be operated at- more than ten per cent 
above their rated voltage.” ■ _ 

This brings us directly to the question under consideration^ at 
this convention, that is, the criterion or the criteria by which 
irregularities of wave-form should be judged. The limitations 
and unsatisfactory character of the present Institute Standard 
of wave-form deviation were brought out in two papers presented 
in 1913; one by P. M. Lincoln and one by C. M. Davis (see 
Transactions, volume 32, pages 765 and775). Mr. Lincoln, 
in his paper, treated the subject wholly froin the standpoint of 
the effect of wave-form distortion on electrical apparatus as¬ 
sociated with power circuits. Looking at the subject from this 
standpoint Mr. Lincoln comments as follows: 

” The Standardization Rules of the Institute state that the 
generator e.m.f. waves shall not depart from the sine shape by 
more than 10 per cent. The present form of the rule is not en¬ 
tirely satisfactory, since it does not penalize the higher frequency 
harmonics as much as they deserve. A 10 per cent deviation on 
the part of one of the higher harmonics is admittedly more 
dangerous than the same deviation on the part _ of a_ lower 
harmonic, but the existing rule does not recognize this. A 
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modification of the existing rule so as to obtain such a recogni¬ 
tion is desirable.” . , . ^ 

The papers before the present eonvention brmg out very clearly 

the characteristics and limitations of the different criteria of 
wave-form distortion. The adaptability of these seversa factors 
as criteria of wave-form distortion, judged from the standpoint of 
inductive interference, is not touched upon by the authors o 
these papers. It is to this phase of the matter that we wish to 

draw particular attention. , . c , 

Before considering the individual distortion factors mentioned 
in these papers it will be well to understand the desirable charac¬ 
teristics, from an inductive interference standpoint, of a dist - 
tion factor suited for rating the relative detrimental effect of 
different irregular wave-forms A pure sine wave should 
viously be chosen as the standard of comparison and for this 
purpoL the r. m. s. value of the equivalent sine wave is suitable 
The harmonics of current and voltage in a power circuit man f 
themselves in an exposed telephone circuit as extraneous cur¬ 
rents of the same frequencies in the telephone receivers at the 
terminals of the circuit. The detrimental effect ^imh “trm^ 
ecus currents on a telephone conversation is aside from a cctUi 
armovance due to the mere existence of the nois^ to cause a 
decrease in the intelligibility of the conversatiom Expenmentd 
determinations of this decrease in the intelligibility of a conversa 
tion corresponding to a given amount of extraneous cimrent of a 
‘g^^enTequency., lave blen made by American Tdephone 
and Telegraph Company at the request of this Committee 
This decrease in intelligibility is evaluated “ terms of the effect 
on the intelligibility of an increase m the length o* ‘he telephone 
circuit. The results of this investigation have Jown that. 

(al Within the limits of experimental error the decrease i 
the intelligibility of conversation, caused by an extraneous ^r- 
rent of a given frequency, is directly proportional to its magni- 

For a given amount of extraneous current l^e 
decrease in intelligibility increases very rapidly with the fre¬ 
quency up to a certain maximum point and then decreases • 

For frequencies ranging between the third and eleventh harmon- 

icrof 60-cycle systems this detrimental effect increases nearly as 

the square of the frequency. Beyond the frequency correspond¬ 
ing to the eleventh harmonic the curve gradually bends ovct, 
relcHng a maximum at about 800 cycles and t^n gradu^ 
diminishing to about 85 per cent of 

bevond which point observations have not as yet been cairi . 
The facts just cited point to the desirability of penalizing the 

highe? harmonics appro'ximately in proportion t SsTth 
their freouencv up to a certain point. There is ot course rne 
question^ of the complex relationship between the relative 
magnitudes of different harmonics in the extraneous curren 
of I telephone receiver and the relative magnitudes of these 
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same harmonics at their origin in the power system. There are 
a number of factors which enter into this relationship; some 
tending to accentuate the higher harmonics and some tending to 
supjpress them. Then, too, the relationship between wave-form 
of extraneous current in telephone receivers and wave-form at 
origin of harmonics in power system will vary to some extent 
with each and every case of inductive interference. Our present 
information does not permit us to generalize on this point. In 
the absence of more complete information we would suggest that 
in this connection the penalties for the existence of higher har¬ 
monics be rated somewhat in accordance with the law of their 
relative detrimental effect in a telephone receiver. This is 
undoubtedly conservative, as the net effect of the several factors 
is to emphasize the relative interference of the higher harmonics. 

The above remarks have been concerned with the effects of 
given amounts of extraneous current of different single fre¬ 
quencies. In practise the noise in a telephone receiver is always 
caused by a complex current of several frequencies in various 
proportions. On this account it is necessary to consider the 
relationship between the detrimental effect of a complex wave 
and the detrimental effects of the individual components of that 
wave. Experimental investigations now under way are directed 
towards the empirical determination of this relationship. The 
results are not available as yet. In the absence of such informa¬ 
tion it has been assumed that this relationship follows the well 
known r. m. s. principle: that the value of the combined effect 
is equal to the r. m.s. of the individual effects. 

There is still a further question which might be raised, that is, 
in regard to the effect of the phase relationships, among the 
several harmonics of the complex wave on the detrimental effect 
produced by that wave. Specific experiments directed at a 
determination of this point have not been thought necessary by 
the committee. A consideration of this problem shows its con¬ 
nection with the old controversy between Helmholtz and Konig 
concerning the influence of the phase of harmonics upon acoustic 
quality. An experimental investigation conducted by the 
Bureau of Standards in 1909 clearly supports the Helmholtz 
view, that quality is independent of phase relationship (see 
Bulletin of Bureau of Standards, Vol. 6, No. 2). 

Summarizing the above discussion, the following appear to be 
the desirable characteristics of a distortion factor which will be 
useful as a criterion of the relative merits of different wave-forms 
when judged from the standpoint of their influence on inductive 
interference between power and telephone circuits: 

{a) R. m. s. value of equivalent sine wave as standard of 
reference. 

(6) Effect of a given harmonic weighted in direct proportion 
to its amplitude. 

(<;) Effect of different harmonics weighted in proportion to the 
square of their frequencies up to the eleventh or thirteenth 
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harmonics o£ a 60-cycle system, higher harmonics to be given the 
ffpnupnpv wGichtins of dovoTith. or tiiirtccntn. _ 

W Combined elect of different harmonics ted m a^ 

cordance with the r. m. s. value of their individual weights as 

determined by (b) and (c). Viarmnnics 

(e) Independence of phase_ relationships g 

With these characteristics in mind it will 
each distortion factor discussed m the consideration 

and compare its characteristics with those ^ 

Fnrm Factor It will be apparent at once that the form tactor 
is SSly ul^hted as a meishe of distortion of 
from the standpoint of its effect on inductive “torference. I 

tTspreTorinTorleTeS^^^ 

as we have in mind because it is, m a 
pxaet relationship with the amplitude of the 

ST miktg nrdifferentiation between hannonics of different 
Sderr Aiy single harmonic may be present to the .oxtent rf 
SacticM pe? cent and still be withm the devia^^^^^ 
More than one harmomc may be present “ t ^ 

phase relationships a“oog them may be such 1 t 

of their maximum values may oonsiderably exceed 10 per cent 
of the fundamental, the deviation will "ot exo""i“" “ ^“a “e 
limit. This factor obvious y can “t fSord an ^ 
of the relative detrimental effects of ^„ Un. 

forms from the standpoint of mduclive “tf -j!]" 

fnrtunatelv in this regard, it is the standard of the i^^stit 
aM as suS was accepted by this Committee in its recommenda¬ 
tions for a rule upon the subject of wave-forms 

Harmonic Factor. There are certain merits m this factor m 
that it gives some weight to each harmonic, it weights ^ <^rn 
biued effect of all the harmonics in proportion to tPe . 

S and it is independent of the phase relationships of the 
dfteent hannonics. Its severe drawback, however, is the f^t 

“rha^Ss of different orders are all f haTSInk 

Curve Factor. This factor is directly related to the harmon 

OblioX'i^fs^lcLX S«e significance from 
"^^Differential Distortion Factor. This factor, of all 
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o-ested distortion factor the following should be noted: Both 
have the r m. s. value of the equivalent sine wave as the standard 
of reference. Both give weight to a given harmonic in direct 
proportion to its amplitude. Both give increasing weight to the 
higher harmonics. Both weight the combine effect of the im 
dividual harmonics in accordance with the r. m. s. law. Both 
are independent of the phase relationships of the several har¬ 
monics. They differ, however, in the exact weighting of har¬ 
monics as a function of their order. The differential distortion 
factor weights the harmonics on direct proportion to their order 
while for our suggested factor the harmonics up to the eleventh or 
thirteenth (60-cycle fundamental) would be rated in ppportion 
to the square of their order. This suggests a modificadion of the 
differential distortion factor for this purpose, by substituting, 
in place of the first derivative of the wave, its second derivative. 
The use of such a modified distortion_factor is, however, open to 
the objection that it is not so readily determined as the first 
derivative distortion factor. It could be determined by a 
knowledge of the wave-form as given by an oscillogram or simply 
by a knowledge of the amplitudes of the several harrnonics as 
determined experimentally by a resonance method which has 
been much used by this Committee in its general investigation. 
With a knowledge of the magnitudes of the several harmonics 
as d6t6rTnin6cl by either of the two methods mentioned, it^may^be 
said, however, that there is no particular advantage in using 
the second derivative over a set of empirically determined weights 
for the different harmonics which would rate them more truly in 
accordance with their relative detrimental effects, all factors 

considered. ^ r? t 

Combination of Differential a 7 td Integral Distortion Pactors. 

While the product of integral and differential distortion factors 
may be of real usefulness in certain computation work, such a 
combination for our purposes is open to objection on account ot 
the characteristics of the integral distortion factor. Obviously, 
for our purposes, it offers no advantages over the differential 

distortion factor. . , , i ^ 

Before concluding these remarks we wish to draw attention, 

in connection with the general subject of wave-form, to the fact 
that the Standardization Rules do not specify a load cmidition 
under which the distortion factor or deviation factor of the volt¬ 
age wave of a generator is to be measured. It is, however, uni¬ 
versally customary, we believe, to rate the wave-form on the 
basis of no load on the machine. It is well recognized that the 
load condition has an important bearing on the wave-forms ot 
both voltage and current. Furthermore, it is obvious that the 
wave-form under normal operating conditions and not that under 
the no load condition is the one with which we are most concerned. 
The relationship, therefore, between voltage wave-form under 
no load and under normal load is one which should be given care¬ 
ful consideration. We recognize the difficulty of specifying the 
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wave form requirements under any other _ conditions than no 
load, since, in general, operating loads differ widely in their 
characteristics and different loads each have differen e ec 
upon the wave form derived from a given machine. 

In conclusion to this review of the characteristics of distortion 
factors and their adaptability as measures of distortion froin tbe 
standpoint of inductive interference, it is well to point out tne 
practical importance of a reduction of harmonics and a c oser 
approach to a pure sine wave of voltage and current in electnca 
p’ower circuits. A material improvement in this respect, regard¬ 
less of what criterion is taken as an index, would operate to 
reduce the requirements of transpositions and the restrictions 
of balance of power and telephone circuits which would be otner- 
wise necessary to prevent harmful interference under existing 
conditions of wave form. We know that it is generally impracti¬ 
cable to ask that steps be taken to remedy such conditions in 
existing apparatus. It is our hope that substantia improve 
ments may, however, be made in new machines by a due regar 
to the importance which should be attached to this phase of the 
subject of improvement in wave form. It is with this la ^nind 
that we take the present opportunity of calling attention to the 
importance of the problem from this standpoint, which though 
not new, has received little recognition heretofore. _ 

Comfort A. Adams: Referring to the conmunication from 
San Francisco, it is only fair to the Standards Committee to say 
that they are quite aware of the limited usefulness of the term 
“form factor’’ as at present defined, and that it has long since 
ceased to convey the idea of the specific shape of the correspond¬ 
ing wave; but except in a few rare cases, this term is still useful 
in computing the maximum flux in a transformer core, (knowing 
the r.m.s. volts, the number of turns, the frequency and form 
factor’ ’ of the e.m.f. wave). For this purpose the term will doubt¬ 
less be used for some time to come, as it is very difficult to sup¬ 
plant an old established habit of usage. However there is cer¬ 
tainly great need of a term such as “distortion factor or per 
cent distortion’ ’ which will indicate with fair accuracy the de^ee 
in which an alternating wave differs from a sine wave. But 
this is not as easy as it sounds. A paper was presented before 
the Institute at the first midwinter convention, February, IJfo, 
bv Mr. C. M. Davis, dealing with this subject and suggestmg 
a definition of “per cent distortion’’ as well as a inethod of de¬ 
termining it. After much discussion it was decided to postpone 
the subject. It is needless to say that the Standards Committee 
realizes the importance of this subject and will do its best to 

nresent a satisfactory terminology. 

L. W. Chubb: The first paper on Form Factor is appar¬ 
ently a very simple treatment. The subject, however, is 
not as simple as the paper indicates. f 

in a brief article on several factors of this kind I attempted to 
cover form factor in somewhat the same way, but it became so 
complicated that it was struck from the manuscript. 
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The definition as given at the opening ot the first paper is 

A single odd harmonic which is more than ^ of the amplitude 

Factormonding to the largest average between any two 
symmetrical zero points. 



Fig. 1 


p-rnf Uprlell rails soecial attention to the combination of a 
JrJnenM Lve h&rd displaoed 60 fundamental degrees. 

This would be: _ 

A\ sin 6 A sin 3(0 60) 

is TT^^er cent of Ai and it will be noted that the 

third component of voltage, since it has ® 

than one-third of the fundamental, reverses the resultant voltage 
pass through ^-o four times per cycl^ Jhe 
flux which is the integral of the voltage wave is K ( 


cos 30) and is shown in the heavy curve <f). vSuch a flux 


of 1.819 derived from an average value obtained 

?he voltage wave from 0 to ir. Such a result would indicate 
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the hysteresis loss of a loop (shown dotted) having tips equal 
in amplitude to the points, Q, R, on the flux curve, which is ob¬ 
viously much too low. If, as in the present deflnition of form 
factor, we integrate for the average value from the zero point 
(b) to ’the zero point (c) the two small areas of the voltage wave 
included, one plus and one minus will cancel and the average 
value will be measured by the area of the large positive lobe of 
the wave. Form factor so measured will indicate a loss corres¬ 
ponding to a loop having tips of amplitudes >5 and t, but will still 
be too low by the amount of the area of the two minor loops 

caused by the dip in the flux. _ .... 

The author also calls attention to the case in which ^3 is 
three times as great as t and speaks of a form factor of infinity. 
Fig. 2 shows the curves for this case and it is evident that the 
average voltage is zero when integrated from 0 to tt, simply 
because the two negative areas of the wave^ are together equal 
to the large positive area. If, as before, the integration is taken 
from b to c the negative and positive small lobes of the included 



voltage wave will cancel and the average will be measured by the 
area of the large positive lobe. In this case the loss is nearly 
twice that caused by the major loop and the standard definition 
of form factor gives a value which in the equation for hysteresis 
loss IS US0I0SS. 

In Figs. 1 and 2 we have considered the lag of the third com¬ 
ponent as 60 fundamental degrees. If there is no lag both waves 
will start from zero together and the conditions will be as shown 
in Fig. 3. In this case the largest average comes when integrat¬ 
ing from 0 to TT. The flux variation will give minor loops dis¬ 
placed sideways and approximately symmetrical to the axis. 

With even harmonics present in the voltage wave the two lobes 
of a, cycle .may be of equal time length, but the plus and minus 
amplitudes of the integral or flux wave will not be alike and there 
will result a displaced hysteresis loop having an area in excess 
of the symmetrical loop of the same double amplitude and giving 
losses in excess of those indicated by the r. m. s. voltage and form 
factor. In other cases with even harmonics, the two lobes may 
be very different in shape, of different length and yet the flux 
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waves will have the same *oW? 

wiU accurately agree with that indicated by the r. m. . g i 
rnd the to factor figured between symmetrical zero values 

“^On^Icto of these determinations and the 
form factor for very distorted waves, it should be considerea 
for waves which cross zero only twice per cycle 
tain onlv odd harmonics. Transformer _ and other magnetic 

cores are today subjected to waves SSor as 

and very distorted odd harmonics waves, but the form factor as 

now defined is of no use in these limited and special cases. 

In his solution, the author has rnade the mistake of 
for the average value between the zero^ points 
mental component, instead of the zero points of the composit 
wavf tow checks of points shown in the curves indicate 
that this method has been followed out in 

of Wfyci 1 to 7 inclusive and they are, if we are to consider tne 
generally accepted definition, in error for all points except v^ues 
for e = 0 up to .El = 1. where 6 = 60 deg., up to E, - 0.36,1 

"Tn the p°aper otostoto factors the distinction and relative 
value of deviation, distortion factor, harmonic factor and curve 
Sctor are very well brought out and the facts given should be 
considered InTsTablishinl a better standard for wave shape 

\rflriation than the one now defined. . . 

The definition for differential distortion factor is given as the 
ratio of the r m s. value of the first derivative of the wave with re- 
spect to “to the r. m. s. value of the first derivative o he 
enuivient site wave. I believe I was the originator of the 
Sorlssion for the distortion factor, of course deriving it from 

Mr Davis’s condenser test, distortion ratio. I gave the defini¬ 
tion to the Standards Committee as the ratio 
value of the first derivative of the wave and the r. m. s. value 
ome wave itself. There is no good, I take it, in putting in the 
denominator, the derivative of the equivalent sine wave, be- 

cause it is exactly the same as the ^ .^"1 .^.^new con- 

itself. In the same way in the case of Prof. Bedell s new con 

stant we may invert and define cos as the ratio of the mean 
sq^ro of to^wave to the product of the differential and integral 

°^n theTIt%aper, by Mr. Miziishi, I think we have a very novel 

and interesting solution of 5 are 

derivation and graphical representation of Figs. 4 ana t> are 
esoecially interesting, and since they are built on a good mathe¬ 
matical foundation I believe this method, of calculation will come 
into general use, provided we can easily determine the constant 

^^Harofo s'.^Osborne: A communication has been read from the 
joint Committee on Inductive Interference calling ^^t^^ 
the nredominant effect of the high-frequency components of the 
cmrLt and voltage waves of power systems m the production 
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of noise in telephone circuits by induction. As a matter of fact, 
the noise induced in telephone circuits by power circuits would 
practically vanish if all power voltages and currents were pure 
sine waves. There are thousands of miles of parallel between 
telephone pole lines and high-tension power circuits, and reduc¬ 
tion in the efficiency of telephone circuits, due to induced noise, 
is quite general. It is not believed, however, that there is in 
the whole country a single case where any important part of the 
•noise in the telephone circuits is due to the sine wave 60-cycle or 
25-cycle components of the induced currents. The committee 
has suggested that iri view of these facts an interference factor be 
considered in taking account of wave distortion, in which factor 
the harmonics should be weighted proportional to the square of 
their order up to a frequency of 700 or 800 cycles, and then 
weighted uniformly for higher frequencies. 

The two curves given illustrate the reason for that suggestion, 
and show that the weighting suggested for the higher harmonics 
is very moderate from the standpoint of inductive interference. 

Refer first to Fig. 4. . • 

With given voltages or currents of different frequencies in the 
power circuit, the current produced in the telephone line, within 
the range of frequencies with which we are concerned, is roughly 
proportional to the frequency. This is represented by curve A 
in this figure, which is drawn with 60-cycles representing unity. 
The weighting of harmonics which is given m this curve is the 
same as that given in computing the differential distortion factor. 

A second factor which must be considered is due to the fact 
that some of the telephone terminal apparatus is designed not 
to transmit currents having frequencies below the telephonic 
range. The magnitude of this factor for one type of telephone 
terminal apparatus is represented by curve B in the figure, which 
is drawn so as to pass through unity at 60-cycles. This curve 
shows the ratio of current in the receiver at any frequency to 
current in the receiver at 60 cycles for a given line cupent. It 
will be seen that for frequencies below about 200 this type of 
telephone terminal apparatus is designed to largely eliminate 
the current, so that at low frequencies the percentage of the line 
current which gets into the telephone receiver is small.^ 

A third factor which enters into the production of inductive 
interference and which also varies largely with the frequency 
is the amount of interfering effect which is caused by a given 
amount of current in the telephone receive. This is the gleet 
which is referred to by the committee. It is represented in rig. 
by curve C, which is also drawn with unity at 60 cycl^, ana 
which shows the relative amount of interfering effect which p 
caused by currents in the telephone receiver of a given mapi- 
tude and of different frequencies. The interference effect is 
measured by the effect on the intelligibility of telephone con¬ 
versations. Curve C is based on an experimental investigation 
which was carried out under direction of the committee. 

The total relative effect of currents or voltages in the power 
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circuit of a given magnitude and of different frequencies can be 
“preyed Ipproximite^^ by the product of these three ^ 
THs product is represented by Fig. 5, which is drawn to a seal 
in which 60 cycles is unity. _ It will be 

the inductive effects practically disappear, that they ^crease 
very rapidly up to a frequency of 800 or 1000 cycles, ^nd less 
rapMly up to about 1600 cycles. At frequencies above 1600 the 
pffpct would orobably begin to decrease. 

These curves would not apply exactly to specific cases, an can 
give an idea only of the order of magnitude of the feet of Af¬ 
ferent frequencies. Many of the factors depend on the par- 
Sr Editions assumed. Th^e are °ther tutors whreh ^^^ 
enter into the problem in particular cases. The most important 
of these is the manner in which the currents and voltages occur 
in the power circuit, namely, whether they are balanced ^een 
the line wires of the power circuit or are impressed between the 
line wires and the ground. For example, m a three-phase star- 



200 ■^AOO 600 806 1000 1200 1400 1600 

frequency, cycles per second 



400 600 800 lOOO 1200 MOO 1600 
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Pig 4-Relative Effect of Cue- Fig. 6-Variation of Interference 

riG. 4 -R'TOTTnTTFNriEs Coefficient with Frequency 

RENTS OF Different Frequencies 


connected svstem, with a grounded neutral, the third harmonic 
and its multiples do not appear between the line 
between all the line wires and the ground, i or a given i 
QuScy currents which occur in that way have a much Sre^er 
mductive effect on neighboring circuits than currents w^iA 
CeaVbetween the line wires and which are balanced with re- 

Se use ofTme such curves as these, or the more moderate 
curve suggested by the committee, we could compute an inter 
Sence ffetor, as "Ihey suggest ye e sugg^t^ 

in combining the interfering effect of a number ot current oi 
different frequencies occurring in the same wave eSect 
added according to the r. m. s. law. It might be said that al- 
thluhThe direSt experimental work to test this law, which was 
spokin of in the committee communication, has not yet be^ 
carried out there is a certain amount of evidence to suppOTt 
that suggestion. It has been found, for example, that the com- 
bmhleot of a number of complex noise currents m a telephone 
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receiver is approximately equal to the r. m. s. of the effects of 
the individual complex noise currents. 

To many who have not come into contact with telephone work, 
a discussion of harmonics in the power circuit having frequencies 
of 1000 or more might seem to be purely academic. I think 
the curve shown in Fig. 5 illustrates why that is not the case. 
In most of the cases of noise in telephone circuits which have been 
carefully analyzed, the noise has been found to be due to the com¬ 
bined effect of a great many currents of frequencies covering a 
wide range, components up to 1200 cycles or more being import¬ 
ant in the production of the total effect. In some cases the noises 
are due predominantly to one or two frequencies. In such cases 
the predominant frequencies are usually of fairly high order and 
are frequently due to the slots in the armatures. Slot harmonics 
are very often of a frequency well within the most sensitive range 
for the production of interference in telephone circuits. For 
example, a 60-cycle three-phase generator, with two slots per 
pole per phase, has slot harmonics, when they occur, of the 11th 
and 13th order, which are well within the sensitive range. One 
case comes to mind in which the slot harmonics in a machine of 
this sort were large enough so that when the particular machine 
was operated the nearby telephone circuits were put out of ser¬ 
vice, although when other machines were operated on the same 
power lines no effect was noticeable. In this case the inter¬ 
ference factor of the machine causing the trouble, as figured from 
Fig. 5, would be something over 3000. The pole pieces of the 
machine were in this case modified, and in that way the inter¬ 
ference factor was reduced to about one-half of its former value. 
A new machine which was designed for the same service had an 
interference factor of about 500, or about one-sixth of that of 
the original machine. Another case comes to mind in which a 
25-cycle machine had a large 35th or 37th harmonic. It had 
eighteen slots per pole, which was the cause of the harmonic, and 
produced a sufficiently large harmonic of that order to cause a 
very large disturbance in telephone circuits. 

The curve of Fig. 5 is drawn with unity at 60 cycles. On 
that curve 25 cycles has an ordinate of approxirnately 0.03. 
This fact indicates why, with a given wave shape, the interference 
from 25-cycle systems is much less than that from 60-cycle 

systems. ^ r t.- -u 

The interfering effects of the components of current of high 

frequency are, of course, equally large if they occur in d-c. ma¬ 
chines, as is sometimes the case. This fact suggests mat a 
measure of the interference effect of a machine can best be ob¬ 
tained by figuring the equivalent volts or amperes at a given fre¬ 
quency of the components which enter into the interfermce, 
weighting them in accordance with some such curves as have been 
shown. Any interference factor based on the curves given s.bove, 
or such as suggested by the committee has the disadvantage that 
it is somewhat difficult to measure or compute, it does nor 
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seem however, that this is a sufficiently important difficulty to 
urevent its use Admittedly the production of pure sine waves 

£ a pfactffial impossibility.-but it is believed that wouW be 

easily possible, and a true economy, to considerably reduce the 
Lter?e?ence producing power of electrical machinery as now 

V. Lyon: I agree with Dr. Bedell that the form factor of 
an alternating e. m. f. has little or no important significance. 
Entirely different wave shapes may have identical form factors. 
For example, one that consists of a fundamental and a 75 p^ 
cent third harmonic which is in phase with it has the same form 
factor as a pure sine wave. We may even be misled when con¬ 
sidering its probable effect on the hysteresis loss in a transformer. 

or r. m. s. value of an alternating e^m f. is 
equal to the r. m. s. of its several component It 

denends in no way upon their phase relations. The average 
value of a non-sinusoidal wave is not by any means as ®as y 
found even when we know the harmonic components and their 
phase relations. Article 16 of the revised Standardization Rules 

-'Form factor is the ratio of the r. m. s. to the algebraic mean 
ordiLte tken over a half-cycle beginning with the zero value 
jf m-bp, TTrnve nasses through zero more than twice during a single 
cvde rrze^rshall which gives the largest algebram 

Sieln for the suoleeding haH-cycle. The form factor of a sme- 

"^^This^ definition of average value follows from the established 
orffic plfcon^raffig the rllation between the flux linking a cir- 
S? and the“oltagf produced in the circuit by the flux. 


The flux is a maximum when its rate of change is zero, that is, 
whe^ r S zero Thus, the average voltage and the maximum 
flra are found'by integrating the voltage curve between points 
frwSohTS Vo and which are a half wave length apart. If 
niirve crosses the axis at more than two points in a cycle, 
this integration will give different values. The proper one o 
/-if r'nuT'QP that which gives the largest value. 

^'l/the voltage’wave is symmetrical, the result of this integra- 

JV is the number of turns, /, the frequency and the maximum 

flux that links the circuit. _ , 

If the instantaneous voltage is 


El sin 


stantaneoub vuibctgc ico 

^ Fla sin 3 (x + Bz) -f- Ej sin 5 (x + B^) +. 
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the average value of e is not in general 




Eav = - I e dx 

TT I 


J a + ir 


where a is- the point at which the e. in. f. is zero and is further 
qualified as stated in Article 16. If simplicity is desired it is 
unfortunate that the average value is so defined, since it makes 
an exact analytical solution practically impossible in all but a 
few cases. The simplest method is to plot the wave and thus 
determine the zero points— i.e., find a. The average value may 
then be found from the area of the curve or from the value ot the 

integral—equation (2). . 

If the phase angles 6^, 6^, etc. are all zero or equal to 

± ± -iL. etc., respectively, equation (2) reduces to 

3 ’ 5 

equation ( 1 ) in some cases. 

Let 

e = £i sin ic + Es sin 3 X + £5 sin 5 X +. 


where the coefficients etc., may be either positive or nega- 

If' the slope of this curve is positive when x = 0, it is probable in 
all practical cases that equation ( 1 ) rnay be used. 
ever, the slope of this curve is negative when x = 0, it is probable 
in all practical cases that equation ( 1 ) is not true For example 
suppose that we have an e. m. f. consisting of a_ fundamental 
and a third harmonic that are either m phase or m opposition. 

e — El sin x -H £3 sin 3 x 
£3 may be either a positive or a negative number. 


= £1 cos X + 3 £3 cos 3 X 


when X = 0, 


= £1 + 3 £3 




1186 


IRREGULAR WAVE SHAPES 


[June 29 


If £3 is positive the curve slopes upward when x = 0 and 
equation ( 1 ) applies. See Fig. 6 . Even if Es is greater than Ei 
so that the curve crosses the axis more than twice in a cycle, 
this equation will still hpld. 

If, however, £3 is negative and greater than one-third of £1 
the curve slopes downward when x = 0 and equation ( 1 ) does 
not apply. See Fig. 7. The area from 0 to tt is less than the 
area from a to a + tt by an amount equal to twice the area from 
0 to a. If we should apply equation ( 1 ) to the case where the 
third harmonic is three times the fundamental and in opposition 
to it, the form factor would be infinite, since the area from 0 to tt 


IS zero. 


By ( 1 ) 


J TT 

* 


(£1 sin X — 3 £1 sin 3 x) dx = 0 


This is of course an extreme case. 


i'/ \ 


! 




Fig. 6 


' r\ \\ 

0 V f TC* 

\ / \ ' ' 


Fig. 7 


In order to find the true average value we must determine 
where the curve crosses the axis beyond x = 0 . 

That is: 

£1 sin X — 3 £1 sin 3 x = 0 
or 

sin X - 3 (3 sin x - 4 siiT x) = 0 
12 siiF X = 8 sin x 


sin X 




= ± 0.817 
= 54.8 degrees 


Therefore, in equation ( 2 ) 


a = 54.8 degrees 





If the voltage had contained any higher harmonic than the 
third it would not have been easy to calculate the value ot «. 

Thus it appears, in general, that the form factor can only be 
simply calculated from the analytical expression of the voltage 
when the harmonic components are either in phase or in opposi¬ 
tion and the curve does not cross the axis at more than two points 
in a cycle. Like practically all rules, this has some exceptions^ 
If for example, the wave consists of a fundamental and a tnird. 
harmonic greater than but in time phase with it, the average 
value should be calculated by equation ( 1 ), even though the 
curve crosses the axis at more than two points m the cycle_ 

If the wave consists of a fundamental and a 75 per cent third 
harmonic which is in phase with it, the form factor is the same 
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as for a sine wave. Or, if the wave consists of a fundamental, 
a 5.3 per cent third harmonic in opposition to it and a 25 per 
cent fifth harmonic in phase with it, the form factor will be the 
same as for a sine wave. The first example might be called a 
flat-topped and the second a peaked wave. See Figs. 8 and 9. 

The flux, (f), will have as many maximum values as the voltage, 
e, has zero values. Thus if the voltage crosses the axis more than 
twice in a cycle the flux will have more than two maximum values 
in a cycle and the hysteresis curve will contain smaller loops. 
In such a case the hysteresis loss will be greater than the maximum 
flux would tend to indicate, and the value of the form factor may 
be of little significance, especially in extreme cases. If the volt¬ 
age wave, for example, should consist of a fundamental and a 
third harmonic which is in phase opposition to, and greater than 
one-third of it the hysteresis loop will contain smaller loops 
within itself. If the voltage wave consists of a fundamental and 
a third harmonic which is in phase with it, the third harmonic 
must be greater than the fundamental in order that the hysteresis 




loop shall contain smaller loops within itself. _ An e. m. f. which 
crosses the axis more than twice in a cycle will probably have a 
greater form factor than a sine wave. This would indicate a 
smaller maximum flux and thus an apparently smaller core loss. 
But the interior loops on the hysteresis curve will cause a greater 
loss than the maximum flux indicates. The effect of form factor, 
however, will probably predominate. 


If 6 = El sin X + Es sin 3 X -f- Eg sin 5x -f- 


the effective voltage is: 

E = (Ei‘+ 

and the average voltage is: 


E. 


( 


- (El + 


1l+A^ + 

o I er I 



TT 


3 
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provided the wave does not cross the axis more than twice in a 
cycle. 

+ + + . )‘ 

+ .) 


If the form factor is .the same as for a sine wave, viz., 


2 V 2 ’ 


(Ed + + Er/ + 




If all of the harmonics higher than the third are absent this 
becomes 

Ed + £3^ = £1' + I E,^Es + ^ 


E‘i^ = -g El E 3 , 


E 3 = ^ El (See Fig. 8 .) 


If all of the harmonics higher than the fifth are absent, we 
have 


£1“ + = Ei^ + j £3 


+ ^EiEi + Te, E, 


Solving for E 3 gives 


E 3 — 


^ '^(t E ^ ‘) ~V ( Ie 5 
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If we put-^ = a and -4^ = b this reduces to: 
^ El L,] 



This equation shows the relation that must exist between the 
harmonics in order that the form factor shall be the same as for 

a sine wave. . ^ . ' a ncoo 

If & = + 0.25, the solution for a is: a = — U.U5c5^. 

» (vSee Fig. 9.) 

A number of years ago the writer was interested in working 
out the conditions for series and parallel resona^e_ when a non- 
sinusoidal voltage is impressed on the circuit. _ This is a special 
case of the general problem that Mr. Mizushi discusses The 
method used regarded the problem from a slightly different ang e. 
If a non-sinusoidal voltage is impressed on any circuit consisting 
of a combination of a constant resistance, mductance 

constant capacity, the resulting current will consist of a number 
of harmonic components, each of the same magnitude it would 
have if the corresponding harmonic component m the voltage 
acted alone. The true or ohmic resistance of a metallic circuit 
varies only with the temperature. The apparent resistance 
varies with the frequency and if there is iron or other conducting 
material nearby, it will be increased over its true_ value on ac¬ 
count of hysteresis and eddy-current losses. The inductance of 
a circuit, even if there is no iron or other conducting material 
nearby, depends upon both the resistance and the frequency^ 
If there is any iron present the inductance is a complex function 
of its oermeability. The capacity of a condenser is generally 
regarded as being independent of the frequency a-^d the dielectric 
stmin. If, however, there are dielectric losses ^ iMhe condenser 
is a leaky one, the equivalent capacity is not constant If these 
limitatioL are neglected the calculated results may be of littie 
value in some cases. Their cognizance, however ^ 

c;olution extremely difficult if not impossible. In what follows 
be asSthat the “constants" of the circuit are truly 

“porf series circuit, such as is illustrated in Fig. 10, the rela- 
tion for the wth harmonic voltage and current is 



2L . 2 I YJ_ \ JiL 

= (ri + >'2)^ In + {I' C 


( 3 ) 
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The summation to include all of the harmonics is 


= 2 = ((-i + r,) P--~ P+ (L o,y 2 

+ (Ti)’ 2 ^ 


This is equation ( 5 ) in a slightly different form. As Mr. Mizushi 
points out, the distortion factors for current are of no practical 
importance since they cannot be calculated until the various 
harmonic components of the current are known and at that time 
the problem has been solved. If the condenser C is a leaky one, 
it is equivalent to closing the switch so that rs is in parallel with 
C. The apparent series resistance and capacity between the 
points d and b now depend upon the frequency and are no longer 
constant, and equation ( 5 ) does not apply. 


1 + 


This is a function of the frequency. 


Si 



Fig. 10 Fig. 11 


The apparent capacity is 

, _ 1 + rj O- 10^ p 

nP' co^ 

This is also a function of the frequency. 
Solving equation ( 3 ) for P gives-: 





The maximum value of I would be found by differentiating this 
expression with respect to C.. The resulting equation is 
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The soKition of this equation for C is difficult . It is thus not 
practical to calculate a value of capacity that will give the 
maximum current when a non-sinusoidal voltage is impressed 
on the circuit. An approximate value might be found by 
plotting the current against the capacity. 

The parallel combination of constant resistance,^ inductance 
and capacity is somewhat simpler to solve. See Fig. 11. The 
wth harmonic of the current is determined by 


/■ 2 = 77 2 

1 -i—/n 


r2 

-h co^, 




n L 0 ) 



The square of the total current is 


p = 2 = 2 (( 


gi + 


^2^ + U' CO^ 


n L CO 

f 2^ T n^ co^ 


w Cco, 


If the resistance of the inductor were zero this equation would 
reduce to Mr. Mizushi’s equation (18), which refers to a very 
special case that is of doubtful importance In general, the 
r hi equation (18) is not constant but depends upon the 
frequeihcy, and, if there is iron in the magnetic circuit, upon the 

magnitude of the applied voltage. r ^ ^ase- The 

The condition for resonance is easily found in this case, me 

condition is 


P = 0 


This reduces to 


2 ( 


n L 03 

03^ 


— wCaj)«co = 0 


From which 



For this value of capacity the current will be a mimmum. 
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For a sine wave this becomes the well-known relation 


r2^ -j- U 0)2 


A numerical example of this principle proves interesting. A 
reactor which has a resistance of 5 ohms and an inductance of 
0.1 henry is connected in parallel with a variable capacity across 
a 60-cycle, 305.5-volt circuit. If the applied voltage is a sine wave, 
the capacity which gives a minimum current is 69.1 microfarads. 
The least value of the current is 1.06 amperes. If the applied 
voltage consists of a fundamental, a third harmonic and a fifth 
harmonic whose effective values are 300 volts, 50 volts and 30 
volts respectively, the capacity which gives a minimum current 
is 47.9 microfarads. The least value of the current is in this 
case 4.53 amperes—an increase of 290 per cent. If the resist¬ 
ance of the reactor is neglected, the calculated minimum value 
of the current is 4.25 amperes for a capacity of 48.7 microfarads. 
This is about 6 per cent less than the actual value. If the resist¬ 
ance of the reactor had been 50 ohms, the minimum current 
would have been 4.71 amperes for a value of the capacity of 
18.5 microfarads. In the latter case if the applied voltage wmre 
sinusoidal the minimum current would be 3.90 amperes for a 
capacity of 25.5 microfarads. An air-core reactor usually 
has a comparatively high ratio of resistance to inductance. 
Iron in the magnetic circuit is practically necessary if the ratio 
is to be made low, but in this case neither the inductance nor the 
apparent resistance is constant. _ 

To the writer it seems that the method of solution iri which the 
harmonic components are calculated separately is, in general, 
superior, when considered from the combined standpoints of the 
ease, the accuracy and the completeness of the results. 

W. I. Middleton and C. L. Dawes: Probably no type of 
load causes more severe reactions upon alternator e. rn. f. waves 
than those brought about by cable testingThe load inherently 
is single phase and this alone causes pulsating armature reaction. 
The exciting current of the step-up transformer may contain a 
large percentage of harmonics, if the transformer is operated at 
the high densities common to testing transformers, ihese 
two effects may introduce harmonics into the voltage ivave ev^en 
if it be sinusoidal at no load. The cable capacity accentuates 
these harmonics in the current wave and more distortion follow s, 
these reactions may be cumulative until checked by the counter¬ 
reactions of the alternator or of the circuit. + +Vif> 

As was shown by the writers, in a paper* presented at tne 

Detroit Convention of last year, many wide 

sine wave may be encount ered under the foregoing conditio ^ 

*“Voltage Testing of Cables,” W. I. Middleton and Chester L. D^'es. 
Tkans. a. I. E. E., Vol. XXXIII, 1914, p. 1185. 
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Even with the same cable the wave is influenced by such factors 
as the method of connecting the transformer coils, whether in 
series or in parallel. For instance, Fig. 12 shows the voltage and 
current waves, when a 0.1-microfarad cable was connected to the 
transformer secondary. The voltage wave is commercially sinu¬ 
soidal and the current has no appreciable harmonic beyond the 
third. Fig. 13 shows an oscillogram taken with the same cable ex¬ 
cept that the transformer ratio was halved, the voltage upon the 
cable being maintained at its previous value. It will be observed 
that voltage wave has even a very appreciable fifth harmonic, 
and the peak factor has increased to 1.81. The third harmonic of 
the current wave has an amplitude of about 50 per cent greater 
than that of the fundamental. 

Fig. 14 illustrates another point brought out by Prof. Bedell, 
the fact that a voltage wave may contain very appreciable har¬ 
monics, yet the phase relation of the harmonics is such that the 
peak factor is equal 1.41 aS in a sine wave. 

It is obvious that with such a wide variation of peak factor, 
cable testing might be very unsatisfactory from the standpoint 
of accuracy. As Prof. Bedell has demonstrated, the magnitude 
and number of harmonics alone have no bearing on the peak 
voltage. Some simple and direct method of measurement of 
peak values is necessary for our work. We find it quite hazardous 
measuring the peak voltage with a spark gap, because the break¬ 
down of the gap is almost certain to cause circuit oscillations 
destructive to the cable. Further, the gap is not adapted to 
commercial testing where a large number of tests must be made 
in a comparatively short time by non-technical men. To put 
the testing upon a more accurate basis, a peak voltmeter based 
upon the oscillograph was devised. The instrument is placed 
directly upon the switchboard. It can be easily and accurately 
manipulated by the testing room employee. 

Harmonics may cause troubles other than the mere distortion 
of the wave. Surges and premature break-downs may occur when 
the voltage is being raised, due to transients or to so-called static 
discharges over the end of the cable. A disturbance of this 
nature is shown in the ripples that appear in Fig. 14. Isolated 
cables may puncture, due to their being in close magnetic coup¬ 
ling with the cable under test. It was therefore considered 
advisable to install a generator having a sine wave under all 
conditions of load, if one was obtainable. Such a machine was 
built under the direction of Professor C. A. Adams. Even under 
the most severe conditions of load, no appreciable departure from 
a sine wave has as yet been observed. The armature is a standard 
three-phase stator, two of the phases only being utilized. The 
field has a special distributed winding and is surrounded by 
dampers. If a generator of this size can be designed to main¬ 
tain a sine wave under these severe conditions of load, surely 
the larger units with practically balanced polyphase loads can 
be designed to do likewise. 
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In view of recent investigations of telephone disturbances; of 
inexplicable surges and breakdowns in power systems, especially 
cable systems; of the difficulties encountered in testing long cables 
installed; and of the increasing refinements in electrical measure¬ 
ments, we believe that in the near future, alternator specifica¬ 
tions will call for a fairly rigid adherence to a sine wave. 

Comfort A. Adams: Of course Mr. Dawes does not mean 
literally a perfect sine wave, but practically a perfect sine wave. 
The machine referred to actually gives under all conditions 
of single-phase load a terminal voltage wave so nearly sinusoidal 
that no harmonics are detectable in oscillograms of either volt¬ 
age or cable charging current, by a trained observer. 

In regard to the first two curves presented by Mr. Dawes, the 
change, when the transformer connections and the excitation of 
the alternator were changed, was, I feel quite sure, not due to 
the change in the armature reaction, so much as to the fact that 
the change from series to parallel connection in the transformer 
coils changed the equivalent inductive-reactance of the alternator 
and transformer, which is substantially in series vdth the capac¬ 
ity-reactance of the cable. I found this same phenomenon 
in a number of other cases of cable testing apparatus. There 
was distinct evidence of resonance between the capacity- 
reactance of the cable and the inductive reactance of the trans¬ 


former and alternator coming at different stages of the load for 
the different harmonics. As you increase the capacity, the 
lower harmonics appear and the higher harmonics are absorbed 
in the inductive reactance. In fact, sufficient senes reactance 
will absorb such a large part of all the l^^rmonic voltages that 
may have been produced in the alternator, that the voltage 
across the cable is substantially sinusoidal. ^ Armature reaction 
undoubtedly does come into play, but I 

change in the inductive reactance was responsible to a large 
exteift for the difference in the magnitude and frequency of the 
harmonics appearing at the transformer terminals. Another 
Surbing function in such a case is the distorted exciting cur- 


U-iabUi. uJLXig, — - 

C L DaUT’" Retaring to these particular oscillograms, the 

beS' generator wavfwas obtained when the.circurt was nearly 
best generaior harmonic For instance, in Fig.l2, 

degree of wave distortion, tne j-Vio frpniipncv of 

tafri5 cycles to^aS an 

the ninth harmonic. Of cours . f.t-eauency, due to the 
exact calculation of the r ^j-^Q^former iron, which 

variable nature of the "*e fact that the 

was operated at a very high _ alternator is an indeter- 

synchronous reactance of a single-phase alternator 



1196 


IRREGULAR WAVE SHAPES 


[June 29 


minate quantity. Our explanation of the best wave shape being 
obtained under conditions tending to accentuate the lower har¬ 
monics is that the transformer iron was operated at such a high 
density in Fig. 13 that its exciting current consisted mostly of 
harmonics, and these through armature reaction produced initial 
distortion in the flux, and therefore the voltage wave. In 
Fig. 12, because of the lower generator voltage, the transformer 
iron was operating at half the former density, and therefore the 
exciting current must have been more nearly sinusoidal, and 
much less in magnitude. 

E. E. F. Creighton: Do I understand that these oscillograms 
were taken with that machine designed by Prof. Adams? 

C. L. Dawes: No, these were taken from the original genera¬ 
tor. This has been superseded by the machine designed by 
Prof. Adams. I have no oscillograms of the new generator with 

E. E.' F. Creighton: I think that is an important point. 
You see the machine has teeth in it, and I am wondering whether 
you are not getting exactly the same thing with different capaci¬ 
ties. I have not been able to get rid of the tooth harmonics, and 
the only way we can get rid of these harmonics is by making 
the core smooth, smooth iron surface all the way through, and 
it seems to me anything in the form of a practical generator •would 
always give these ripples, if the capacity and the inductance -v^^ere 
of the proper value to magnify them. These currents would 
carry back into the generator and react in the armature and still 

further magnify the effects. • 

C. L. Dawes: The tooth harmonics of an alternator may be 

reduced to an almost negligible quantity by i^iaking the number 
of slots per pole per phase a non-integer. This produces a 
Vernier effect. For instance, the effect of one and a quarter slots 
per pole per phase has the same effect upon the 
five slots per pole per phase. At Cambridge under Prof. -. . 

direction we have wound induction motor rotors with a distri¬ 
buted field winding, and used the motor as an alternator. Even 
with this very short air gap, the tooth harmonics have bee 
made ^mos? negligible, due to the fact that the ratmo rotor to 
stator teeth was so chosen as to produce a Vernier effect. 

■17 17 17 Creiffhton: Did you trj^ to resonate? 

C* L ’Dawes-N We did not attempt to resonate, but connected 

a condenser load to the machine and looked for harmonics in 

^^Comfort A^Adams: I do not wish to appear to claim that it 

to design commercial alternators that 
•11 all nossibility of resonance, as suggested by Prof. 

CiLighton B ut I do think that this possibility can be reduced to 
2fph\ degred of remoteness that it need not be considered, and 

load, the reactance of trans- 
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former and alternator will absorb all the high harmonics, and 
that a moderate amount of additional series inductive-reactance 
will insure a substantial sine wave of terminal voltage with al¬ 
most any alternator. The danger comes with small capacity 
loads. 

L. W. Chubb: I have noted several cases of resonance of 
multiple frequencies in circuits in which there was only a load 
or voltage change. The effective inductance of iron cores de¬ 
creases with increased saturation and in some cases the presence 
of small high-frequency components of voltage will cause destruc¬ 
tive resonant disturbances. In one case I have in mind the 
resonance of a fifth-harmonic voltage across the terminals of a 
testing transformer at a certain excitation would rise to over 
400,000 volts by a spark gap, while the ratio would indicate less 
than 200,000. The ratio just above and below this point would 
be approximately correct and the fifth-harmonic voltage almost 
unnoticeable. 

John B. Whitehead: The net result of the discussion has 
indicated, it appears to me, that there is certainly not any one of 
these factors to which we can turn in meeting the troubles caused 
by irregular wave form. But it is interesting to note that the 
discussion has finally taken the turn of suggesting that it may be 
possible, after all, to obtain a reasonably pure sine wave. Within 
the last few months I have been attempting to get a small 
gGiicrH-tor, 50 kv-ci. with a pure wav6, and I think I shall succeed, 
in discussing this particular generator the designing engineers 
of one of the large manufacturers have given me considerable 
information, and I hope that Mr. Foster, with whom I have 
discussed this generator quite recently, will say something about 
a large generator, the curves for which he has shown me wuthin 
the last few days, as bearing on the question of capacity and its 
relation to wave form. Possibly he may not wish say any¬ 
thing, but it was so interesting that I hope he will tell this au¬ 
dience what he was willing to tell me. 

William J. Foster: Before speaking directly on the point 
brought up by Dr. Whitehead, I wish to say that during the 
last five years very decided improvements have been made in 
the design of generators in the matter of potential wave for all 
conditions of load. At the same time this improvement has 
been going on, the natural development and progress in fians- 
Sion work has assisted in the no-load condition, for the reason 
that the large waterwheel and steam turbine generators are 
of so great capacity that they have very larp air-gaps, in com¬ 
parison with the breadth of the slots, which tend to mininiize 
file haimionics Most decided improvements have been made 

^ce”little details of construction which ^nd to ehmr^te 
file effect of the slot. It is possible to produce an effect 
equivalent to a machine of a very 

^To illustrate, suppose we have a ^ut ff 

forty-two poles with one slot per phase per pole, but 
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nected up for forty poles—we then have the effect of twenty-one 
times the number of slots, or sixty-three slots per pole, 
which, for 60 cycles, carries us beyond what has been pointed 
out in this long message that we have from the Pacific Coast as 
the upper limit of telephone interference. 

The particular machine that Dr. Whitehead has referred to is 
a large waterwheel-driven generator, with small nurnber of 
slots, running at very low speed, which has the Vernier idea 
introduced into it, the same as in the case of some other recent 
machines. But what concerns us now is the establishment of 
some standard by which to test the wave, and I had hoped from 
Dr. Bedell’s work and these papers and the discussion that we 
might arrive at some conclusion. As far as I am personally 
concerned, I know of nothing better than the measurement of 
the deviation from a true sine. It was nearly twenty years ago, 
in connection with an installation abroad, that we were asked to 
draw up some clauses for the specifications. At that_ time we 
had no oscillograms or wave meters, and the potential waves 
were determined by the contact, instantaneous method, and 
plotted. It was then customary to plot in rectangular co¬ 
ordinates, but the clause that was drawn up for these specifica¬ 
tions was on the basis of plotting in_ polar co-ordinates, and 
determining the percentage on the radii intersecting the equiva¬ 
lent circle. I still think that the deviation from a true sine— 
if we could a rrive at something that would be fair, which would 
be possibly 3 per cent at no-load, 5 per cent at 100 per cent power 
factor full load, and 7 per cent at 80 per cent power factor—at 
the present time is, perhaps, about all we are ready for, unless 
these gentlemen, from the theoretical standpoint, can suggest 
some instrument by which we can measure the harmonic factor 
or curve factor, 6r a combination of the differential and integral 
distortion factors, so that we will be able to catch the harmonics 
which are causing the greatest trouble. 

The machines which have been referred to here by Dr .Adams 
and Dr. Whitehead are machines which have been built with 
reference to a good wave form under different conditions of load, 
and consequently they can hardly be considered as commercial 
machines. Although the air gap is small in some of them, the 
armature reaction is low, consequently they are costly machines. 
They are built with reference to minimizing the effect of arma¬ 
ture reaction, whereas the tendency has been towards very large 
generators in commercial work that require high armature 
reactions and consequently heavy distortions under load condi¬ 
tions. Another reason for such machines is that they are better, 
far better for general use, in that they are more immune from 
line troubles, etc., the instantaneous short circuits being reduced 
to a low value. ' Consequently, if rigid requirements are made 
for all conditions of load, as has been proposed, it will mean more 
costly machines and also, as far as I can see, must limit the 
capacity of the machines. As we are contemplating 50,000-kw. 
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generators, and even larger, it is quite a problem to face the 
situation brought about by what is asked or suggested y e 

telephone companies. , uu 

Frederick Bedell: The points raised_ by Mr Chubb and 
others in regard to form factor are without doub ec ni 
cally correct, although they do not affect mateiially the genera 
character of the conclusions. They do, however, aff^t some of 
the numerical results, particularly in extreme cases i he results 
given in the paper were obtained by integration from the zero 
of the fundamental wave, which makes solution possible,, and 
not from a zero of the total wave (as strictly they should be;, 
which would make the solution extremely difficult if not im¬ 
possible in many cases. t. * 

Mr Lyon as well as Messrs. Chubb and Adams, has shown 
that even for the particular study of hysteresis loss, the use 
of form factor is not exact in extreme cases, although exact 
enough in most practical cases. All agree with the conclusion 
of the paper that, aside from the study of hysteresis loss, form 
factor is meaningless as an indication of wave distortion. 

Mr. Chubb has told us of his early use of the differential 
distortion factor as -a measure of wave distortion. Its use in 
a-c. equations was, however, previous to this, ^ 

by B. Arakawat under the direction of the_writer in 1908-1909. 

Messrs. Middleton and Dawes have most interestingly brought 
put the important effect of-wave distortion in connection with 
cable testing and have emphasized the desirability of having the 
least possible distortion for such testing. _ 

The Committee on Inductive Interference in their message 
from San Francisco likewise point out the great effects of highoi 
harmonics in telephone disturbance and suggest penalizing the 
higher harmonics even more than is done by the diffeiential 
distortion factor 5. Dr. Osborne has given additional data 
bearing on this. To weight the several harmonics up to a cer¬ 
tain frequency in an arbitrary manner would, however, have the 
disadvantage that the result would be arbitrary or empirical, 
incapable of direct measurement (unless one invents an in¬ 
telligibility meter), and incapable of use in analytical equations. 
If 5 or some function of 5 could serve their purpose for practical 
purposes, it would have the advantage of general applicability, 
not limited to this one case only. Still, a special interference 

factor may be necessary. j r i 

Mr. Lyon concludes that the well-known method of solution 
in which, harmonic co mponents are calculated separately is 

*This is shown by M. G. Lloyd, “Effect of Wave Form upon the 
Iron Losses in Transformers,” Bui. Bureau of Standards, Vol. IV., p. 
477, 1908. 

tSee “Vector Representation of Non-Harmonic Alternating Current, ” 
Physical Review, p. 409, Nov. 1909. The correction f^ctQr p there 
used (p, 434) is the distortion factgr 6, 
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superior in the completeness and accuracy of the results. No 
one will disagree with this, but such a method of solution assumes 
that we have available the complete wave form and its analysis. 
At times we wish to handle such problems without these data, 
either through choice ori necessity, and it is for this purpose 
that these papers have been prepared. The method of separate 
harmonic components and the method of these papers, are not 
rival or alternative. Furthermore, it is to be kept in mind that 
the method of separate harmonic components, as well as the 
method of these papers, unless modified can be applied with 
accuracy only when R, L and C are constant, and so has no ad¬ 
vantage in this respect. The assumption of constant R, L and C 
is, however, a close working approximation in many cases, even 
when it is not exact. Solutions have been published* for cer¬ 
tain special cases in which R, L and C are not constant. 

When a quarter of a century ago analytical and graphical 
methods, based on the assumption-of a sine e. m. f. and constant 
R, L and C, were being evolved—such methods for example as 
are given in Bedell and Crehore’s “ Alternating Currents ”— 
the criticism was commonly ‘heard that such treatment was 
academic and useful only for the theorist^ for the reason that 
alternating currents in practise were not true sine waves and 
i?, L and C were not constant, so that the results could not be 
of practical value. But this criticism soon wore away, and every 
engineer has used with success methods based on these assump¬ 
tions for calculating transmission line regulation, the behavior 
of a transformer or induction motor by the circle diagram, or 
some similar problem. So won over to the sine-wave assump- 
tionis the practical engineer that,not uncommonly,he nowstands 
on the other side of the fence and says of harmonics that they 
may possibly exist, but that their study is academic and only for 
the theorist. Harmonics, however, do exist, and while in many 
cases they may be neglected, there are other cases, as has been 
brought out in this discussion, in which their effect is important; 
it is for these cases that these papers have been prepared. 

*“The Effect of Iron in Distorting Alternating-Current Wave Form,” 
by F. Bedell and E. B. Tuttle, Trans. A. I. E. E., XXV, p. 671, 1906. 
‘‘ Distortion of Alternating-Current Wave Caused by Cyclic Variation of 
Resistance,” by F. Bedell and E. C. Mayer, p. 333, this volume. 
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FOUNDATIONS FOR TRANSMISSION LINE TOWERS AND 

TOWER ERECTION 

I—Notes on Investigation of Types of Foundations—Digging 
Holes for Foundations—Concreting Foundations—Erect¬ 
ing Towers 


BY J. A. WALLS 


Abstra-CT of Paper 

Concrete tower foundations of musliroom type, requiring no 
forms or back filling, as used in recent Baltimore-Holtwood 
transmission line, are found to be cheaper and stronger than 
steel tripod foundations previously used in a similar line along¬ 
side. 

It was found that mushroom type concrete foundations 
could be built with a smaller construction force and at lower 
cost, and more rapidly, than certain types of concrete founda¬ 
tions requiring forms and back filling. 

The procedure of digging holes and concreting of mushroom 
type foundations is described. 

Method of erecting transmission towers by the use of a shear 
leg is described in some detail. 

T he FOLLOWING notes relate to the transmission lines 
of the Pennsylvania Water & Power Company. On 
the first Holtwood-Baltimore Line (No. 12) the steel tripod 
stub, Fig. 1 was used with suspension towers and a concrete 
foundation. Fig. 2, with anchor towers. 

On the FIoltwood-Lancaster Line mushroom type concrete 
foundations were used for both suspension and anchor towers. 

Lifting tests made on steel tripod stubs, steel single-leg stubs 
(with fins at top and bottom, Fig. 4) and under-cut mushroom 
type concrete , stubs (the lift being not vertical but inclined, and 
parallel to the direction of the tower leg, though in service the 
horizontal component would be somewhat greater than this) 
showed that the tripod type pulled out of fresh ground at about 
32,000 pounds; the single leg at about 23,000 pounds; while the 
mushroom concrete type showed no signs of lifting or cracking 
of soil up to the limit of capacity of the testing outfit, i, e., 
70,000 pounds. The shifting of the single leg stub was more than 
one inch at 50 per cent of its ultimate loading; the tripod stub 

1201 
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movement at 50 per cent ultimate loading was I in. in the vertical 
direction and ^ in. in the lateral direction. 

Experience in the field indicated greater difficulty in securing 
exact setting with the tripod stub than with the concrete stub, 
so in view of the greater strength of the concrete stub, its lesser 
liability to displacement when pivoting on it in tower raising, 
and the consequent lessened chance of unequal stressing of the 
tower legs, due to lack of fit of the tower shoes with the founda¬ 
tions, together with certain other construction advantages, 
determined the use of concrete stubs for both suspension and 
anchor towers on the second Holtwood-Baltimore Line (No. 56). 
The reason for the massive construction adopted, it should be ex¬ 
plained, is that this latter line is a short and important trunk line 



of very heavy construction, f. 15,000 pounds and 30,000 
pounds breast pulls for suspension and anchor towers respective y 
carrying two circuits of 30,000 kw, per circuit and insulated for 

110,000 volts. , 

Investigations were made on four types of concrete founda¬ 
tions to determine which type of foundation would best suit our 
conditions. Concreting was done with a hand mixer. e 
earth was hard red clay with a few small boulders. 

The mushroom type, without forms, was constructed by dig¬ 
ging a post hole, approximately 16 in. in diameter, 6 ft. in t e 
groLd and under-cut at the bottom of the hole as shown in 
Fig. 3. It was later found advisable to dig the post holes oidy 
,3 to 4 ft. deep and make a bell shaped expansion in the bottom y 
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the use of dynamite. The mushroom type, in good ground, is 
cheaper to build, can be built more quickly than the other types 
experimented with, and is especially satisfactory on account of 
not disturbing the adjacent ground or necessitating backfill. 



Fig. 2—Mushroom Type Concrete Foundation for Heavy Towers 


The next best type of foundation appeared to be the mush¬ 
room type using steel forms. Considerable difficulty was ex¬ 
perienced at the start with the latter type owing to the difficulty 




Manufacturer to give_ 
PimensionsVand'b 
for 64’ Towers. 


more; 

2 5 cu.yd. Concrete per Tower 
Max. Uplift 57,000 Lbs. 

Max. Uplift on 40'Tower 
50,000 Lbs." 

Max. Uplift bn SO'Tower 
55,000 Lbs. 


Fig. 3 —Mushroom Type Concrete Foundation 


of keeping the forms properly lined up and vertical, since tie 
form had a tendency to float and cant when the concrete was 
poured into it. It was found possible to prevent this by bac ' 
filling slightly before pouring the concrete, the backfilling no 
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> 2'6* Channels 
1 15"LoBg 


% 3 . 


being too mucli to prevent the withdrawal of the steel forms. 

In this type and the following types, excavating by dynamite 
did not prove successful. 

Next in order in point of cost and rapidity of construction was 
the mushroom type with wooden forms. Here 
24 sets of forms are required, which are heavy n 
and difficult to assemble. 

The least satisfactory type of base was the 
trunkated pier with wooden forms. This pier , 

had a square base 2 ft. 6 inches each way and /30"Slir' 

a square top 12 in. each way. Like the others -- 

it was six feet high. The wooden forms are une^ 

heavy and hard to assemble in the field, although 

a little less difficult to assemble than the forms _l_ 

for the preceding type of base. As with the 
preceding type of foundation, a three days’ | 

supply of forms is required for a gang, -i. e. 24 ' J -S 

sets of forms involving, as extra men, a carpen- ~ j 
ter, a foreman, and three helpers with team to 
provide steady work for the concrete gang. > 

The type adopted on Transmission Line No. i 

56 was that shown in Fig. 3 and the actual cost ^— Steel 

of this type on the line averaged per tower, as single Leg Stub 

follows. ' 5:12 20 

Hauling materials. 2 27 

Grading.. 4'92 

Digging. 98 fSO 

Materials and concreting.... 

The tvpe used on Transmission Line No. 12, shown inFigs. 1 
and 2 , ahraged per tower, as follows (3 steel foundations to one 

concrete foundation): 

Hauling materials..... 

Grading. 11.34 

Digging... ..... 30‘os 

Materials and concrete. $ 54 ^ 

Digging Holes 

Tools. Each man in the digging gang is provided with the 

following tools; 

1 Long handle shovel, 

1 Digging spoon with 8 ft. handle, 

1 Snch by 8 ft. telegraph digging bar, 

1 Post hole digging bar b ft. 











PLATE H,;. 

A. I. E. E. 
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Erecting Shoe IwaixsI 



Arrangement of Head Pins 



Side Guy T.a.ckle 
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The foreman is provided with 40 per cent dynamite, exploders 
and battery. 

' The foreman lays out and stakes' the center of each hole. In 
order to avoid the transportation of a templet, the laying out is 
done as follows: 

The engineer stakes the center of the tower and marks the tower 
height on the reference stake; in addition to this two stakes are 
put down in the direction of the line and two stakes across the 
line. These four stakes give the center line'of the base. A cord 
is strung dlcross two of the stakes and the distance from the 
center stake to a line through the center of two holes on the same 
side measured by means of a stick cut to length. The point ar¬ 
rived to is marked with a pin and the operation is repeated on the 
other side of the center. By swinging the cord 90 degrees to the 
other stakes two more points are located. By laying out two 

sticks of a length equal to half the 
base width of the tower from two ad¬ 
jacent points found in the first opera¬ 
tion, and then swinging them till their 
ends meet, the center of one corner is 
located. The operation is best under- 
stood from the accompanying sketch. 

In this way two men can lay the 
base out in less than five minutes 
and no heavy tools are required. One 
man is provided for each hole, and the 
foreman is able to take care of three 
to four gangs. When a man starts a new hole he first makes 
a circle, approximately 16 in. diam. around the pin, and the 
foreman sees to it that he keeps his hole inside this circle. 

The hole is dug about three feet deep, using the post hole 
bars to loosen up the soil, and a long handle shovel to scoop 
it out. If the soil at this depth is too hard to scoop out with 
a spoon a hole about two feet deep is punched in the center and 
the hole shot with about one half stick of dynamite. The dyna¬ 
mite will loosen up the soil and works down and sideways so 
as to form the bell. After the shooting, the loose dirt is scooped 
out with a spoon. Under ordinary conditions one man can 
dig from two to three holes a day in this manner. In some 
places rock has been encountered. vSometimes this rock is 
soft enough to be dug out with a bar, in otlier places it has to 
be drilled and dynamited. Three to four shots generally opens 


? stake 


; ..-Center of Stub 
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the hole. It has been tried to blow holes open with dynamite 
in the following way: 

A hole is punched about four feet deep by means of a bull 
point and one half stick of 60 per cent dynamite lowered to 
the bottom of the hole. One half stick of 40 per cent dynamite 
is suspended in the hole about 8 inches above the bottom stick 
and another half stick of 40 per cent with a fuse cap about 
20 inches from the top. By this method one man has been 
able to open a hole in 45 minutes, but due to unfavorable soil 
encountered, this method was not generally followed. 

Concreting 

The concrete mixture used for the foundations is made in 
proportions varying from 1:2:4 to 1:3:5. The cement is good 
quality Portland cement. Test samples taken from various 
lots show that the cements meet the specifications of the American 
Society for Testing Materials. Three-quarter-inch stone and 
sand were shipped in carload lots to various stations along the 
line. Four head teams were used for hauling the material from 
the railroad stations, each team being capable of hauling from 
I yard on bad roads to 1.5 yards on good roads. The distri¬ 
bution was kept well ahead of the concreting gang, 1.5 yards 
of stone and 3.4 yards of sand being dumped at each tower 
site. This amount was increased about 50 per cent at every 
fifth tower, so as to make,up for occasional shortages. The 
cement- was delivered in bags, and had to be distributed as 
the work proceeded. In most cases no storage room was avail¬ 
able at the railroad stations and, therefore, the cement had to 
be stored in farmer’s barns along the line, 100 to 200 bags being 
stored at each place. A team following the concreting gang 
could pick up the cement at these barns and could distribute 
the bags directly ahead of the work. This procedure kept the 
loss due to wet weather at a minimum. 

The equipment for a gang of men engaged in transmission 
line work must necessarily be made as light as possible on ac¬ 
count of the small amount of work to be done at each place. 
This is especially true of the concreting gang, as those men 
invariably spend more time in moving than in concreting. 

The time required for mixing and pouring the concrete is 
about three quarters of an hour, while moving and setting 
up takes about one hour. The move from tower No. 312 to 
No. 313 at Big Gun Powder crossing may be given as an ex- 
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aggerated example of the time required for moving. The teams 
had to make a detour of about five miles at this place and it 
required eight hours to move the concreting outfit between the 
two towers, a distance of 1100 feet. 

A 2.5 -cu. ft. hand mixer had done excellent work on the Lan¬ 
caster transmission line and such a mixer was, therefore, pur¬ 
chased for the work on line No. 56. This mixer runs on two 
wheels and weighs about 1000 lb. with loading platform. The 
wheels are provided with separate axles and a few days work 
showed the necessity of strengthening these axles, which was 
done with a heavy flatiron strap on each side of the mixer. 
This mixer is still in good condition after being hauled 40 miles 
over rough ground. Water was hauled in a steel tank mounted 
on a two horse wagon. The tank was made of |-in. steel plate, 
which proved to be unnecessarily heavy. 

Water was taken from' small streams and creeks and was 
drawn up by means of a 4-in. boat pump. A more efficient 
way would,be to mount a small lever suction pump equipped 
with 10 to 15 feet of hose on the tank wagon. With such a 
pump the water could be reached without driving the wagon 
too close to the soft banks of the stream. 

Smaller tools needed by the concreting gang are; 

4 wheelbarrows 
4 concrete buckets 
4 barrels for water 

2 digging spoons 

3 shovels 

1 digging bar 

1 concrete chute for the mixer 
1 level board 
1 24-in. carpenters level 
1 cross-cut saw 
1 maul hammer 
1 set of carpenters tools 

In addition to this, a small amount of blocking and running 
boards must be carried. * 

The smallest number of men needed for efficient handling 
of this work is one foreman with nine men, with from one to 
three teams, depending on the length of haul of water and cement. 
The men would be distributed as follows: 

One man wheeling stone 
“ “ “. sand 

Two men wheeling cpncrete 
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One man hatiling water and cement 

Two men turning mixer 

One man loading wheelbarrow with concrete 

One man tamping • , • • 

The teams hauling water, cement and assisting in moving. 

Two or three additional men can and have been used to 
advantage in this gang. When placing concrete these addi¬ 
tional men seem unnecessary being mostly occupied with load¬ 
ing sand and stone in wheel-barrows and bailing water from 
one barrel to another, this latter operation being necessary^on 
account of the difficulty in moving the water wagon or a full 
barrel. The real benefit of these men is, however, shown when 
moving. Let us consider a case where two teams are avail¬ 
able for moving. As soon as the last batch of concrete is mixed 
a number of men will start loading the tools on the wagon. 
But before this, two men have been sent ahead to set the forms 
and place supports for the templet. Ten men are needed to 
move the templet and this leaves one man in a gang of thirteen 
to help the teamsters clean up the place and unload at t e 
next tower. At the new set up the foreman will use four men 
or five men in lining up the templet. One man handles the ffive 
board and four men move and block up the templet in position 
and then place the anchor bolts. In the meantime the other 
men have completed the unloading, blocked up the mixer to 
such a height to permit a wheelbarrow to be placed • under the 
chute and laid out the running board so as to make everything 

ready for the placing of concrete. ^ j x 

With only one team available, two trips must be ma e or 

the tools, and with a smaller number of men, one part of t e 
job must wait for the other. It is, however, to be noted that 
the records do not show any saving in money, but the speed 
is increased. Naturally the larger gang will make a better 
showing in rough country where the moving is hard, than on 
a level stretch with good going. Two men and a team were 
sent back occasionally to strip forms, bringing t em a ea 

distributing them where needed. _ 

Originally buckets were used for removing the concrete from 
the mixer, but this proved to be inefficient as concrete could 
be mixed faster than it could be removed. A portable in¬ 
clined runway was, therefore, made by means of which the 
mixer could be elevated- enough to permit the placing _of a 
wheelbarrow under the chute. When water was found m t e 



1915] WALLS: TOWER FOUNDATIONS 1209 

holes it was removed with a boat pump. This worked all 
right in such places where the holes filled slowly, but in a few 
instances the water would fill in very fast and the holes could 
not be kept dry. It would be well to carry a short length of 
six-in. sheet iron pipe for such cases. The concrete could then 
be poured through the pipe without draining the holes and 
there would be no chance for the water to wash the cement out 
of the mixture. At the last end of the job a broken boat pump 
was used for this. 

No bed plates were on the job when the work was started, 
and it was, therefore, tried to finish the first group of piers 
with help, of dummy plates. This proved to be a very slow 
process and did not provide a very good seat for the plates. 
The dummies were then abandoned an(^ until the plates ar¬ 
rived, piers were left about eight inches below the final grade. 
As soon as the plates arrived, an instrument man with his rod 
man and one laborer were sent back to finish the foundations, 
the bond between new and old concrete being obtained by 
means of toxement. 

Wh4n bedplates are on hand at time of making the piers, 
the concrete is poured to within an inch of the top of the bolts 
and the instrument man gets his grade by hammering the 
plates down in the soft concrete, and is relieved from carrying 
cement and mixing concrete. 

All material used for concreting during cold weather wa,s 
heated, the piers were built up to ground line only and covered 
with sand to prevent freezing. When warm weather arrived 
men were sent back to finish these piers. 

Erecting Towers 

Whenever possible the towers are assembled on the ground 
in a horizontal position. A rigging gang follows the assemblers 
and erects the towers. This rigging gang consists of a foreman 
with 11 men and a four-head mule team. The general scheme 
of erection is to pivot the lower tower legs to the foundations 
and then lift the head of the tower by means of a tackle running 
from a point below the cross arms over a shear leg to a dead 
end at a convenient distance ahead of the tower. The lifting 
is done by hitching the mule team to the lead line. 

Dead Ends. In average soil the dead end consists of heavy 
iron pins, 2.5 in. diam., about 5 ft. long. Five of these pins 
are used for the main tackle, three for the back guy, and one 
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for the side guy. The pins are driven about three feet apart 
and connected with a chain, as shown in the accompanying 
sketch. The tackle is hooked in the front edge of the wedge. 

Tackle. The main tackle consists of two 12 in. three-sheave 
blocks reeved with 600 ft. of 1.25-in. hemp rope. Both the side 
and the back guy tackles consist of 8-in. two-sheave blocks 
^eeved with f-in. rope. The side guy tackle need only be a 
short one, but the back guy tackle is of the same length as the 
main, so as to reach out to the shear leg. 

Shear Leg. The shear leg is made of two 45-ft. spruce tim¬ 
bers, measuring about six in. at the top. The height of the 
hft is less than 43 feet as the timbers are bolted two feet from 
the top and the butts are spread about 16 feet. The pole tops 
are shod on both sides, with heavy steel plates, so as to prevent 
splitting. The butts are grooved for kick lines. 

Pivots. The light section 40-ft. towers are pivoted on a 
f-in. case hardened machine bolt on each side, the bolts run¬ 
ning through the leg angle and standard foundation shoe. 
One tower was dropped and slightly 
damaged on account of a faulty 
foundation shoe breaking. This led 
to the ordering of one pair of shoes 
made of extra heavy angles and of 
such a height that the tower leg 
cleared the foundation plate by more than ^ in., while the 
tower was being raised. 

All extension and heavy towers are bolted to a hinge turning 
on a 1.25-in. bolt. The hinge and bolt are supported by means 
of a f-in. plate bent in channel shape with the web resting on 
the foundation. 

Setting up Rigging. Two men each at the main lift and 
back guy select a spot in line with the tower and drive their 
pins for the dead ends. Twenty pounds sledge hammers are 
used for driving the pins. If the ground is too soft to hold 
the pins, a dead man is buried. One man rigs up the side guy, 
two men put the shear leg in place, fix the kick lines and fit 
the shoes on the tower, while two more men put spreaders be¬ 
tween the tower legs and attach the chains for the lifting tackle 
and a sling for the back guy. The main lift is hooked to the 
corner angles at the point where the braces in the first and 
second panel below the cross arm meet. This brings almost 
the full weight of the tower on the tackle. It was found un- 
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necessary to use any spreaders in the chains. The spreaders 
used in the tower legs consist of two by four-inch green oak 
bolted together so as to form four by four-inch. Two pieces 
bolted together make a more elastic strut, less liable to break 
if it falls down. 

Lifting Shear Leg. With pins driven, shoes fitted, and the 
shear leg in place, everything is ready to lift the shear leg. A 
wooden cross piece, usually four by four inches, is placed 
over the upper tower legs so as to give the shear leg a start. 
The back guy tackle is hooked to a wire cable, running over 
the cross piece to the top of the shear leg and a pair of mules 
in the lead line lift the shear leg with main tackle and all. The 
main tackle is used for steadying the rig as the lifting cable 
is made to such a length that the shear leg must be pulled a 
little ahead before the chains can be hooked. The block of the 
main tackle is placed right at the top of the poles. As soon 
as the chains are hooked the tackle is slacked back and un¬ 
hooked. The wire cable used for this lift is then lashed to the 
tower, so as to prevent the shear leg from falling when the 
main tackle lets go. Lifting the shear leg this way, besides 
being the most convenient method, gives a good test on the 
pins in the back guy. 

Hoisting Tower. The shear leg being up and all rigging in 
place, the four-head mule team is hitched to the main lead line. 
Two men are stationed at each set of pins and no strain is taken 
before these men have reported everything o. k. On the first 
start the team goes just far enough to put full stress on the 
pins, and then stops. If everything proves all right, the team 
is ordered ahead and proceeds slowly until the men at the back 
guy commence to feel the weight of the tower on their tackle, 
when the team is stopped. This is the most critical point of 
the erection, as the tackles on both sides of the tower must be 
kept taut. In case of a line fouling, one step too far by the 
team is liable to pull the pins out or break a tackle, and the 
tower will fall. The team is, therefore, moved a step at a time 
only, at this stage, until the weight of the shear leg is sufficient 
to pull the tower over, when the team is unhitched and the 
tower let down with the back guy alone. The front leg being 
about six inches from the foundation, the tower is held until the 
spreaders are moved and one foundation shoe fitted to eaeh 
side. When the tower is lowered the remaining six inehes, 
these shoes are guided over the foundation bolts. In case the 
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Special erecting shoe is used the tower is rocked ahead by means 
of the main tackle and these shoes exchanged for standard ones. 

The side guy is used for emergency only, and is kept taut 
enough to take out the slack while the tower is going up, but 
it is not allowed to take any stress. In case something breaks 
this guy prevents the tower from falling onto line No. 12. 

Moving. As soon as the main tackle is unhooked it is stretched 
by the team so as to be ready for the next lift. The tackle 
being stretched, a chain is slung around the shear leg and the 
team drags it to the next tower. In the meantime, the re¬ 
spective men coil up their tackles and load them on a wagon, 
together with pins, hammers, spreaders, and the like. While 
this is being done, one man has put all the foundation shoes 
on the tower with one bolt in each shoe. The final bolting up 
of these shoes is done by two men behind the rigging gang 
and counted as members of the same crew. 
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FOUNDATIONS FOR TRANSMISSION LINE TOWERS 

AND TOWER ERECTION 

II —Transmission Tower Steel Anchors Set in Earth 

BY J. B. LEEPER 


Abstract of Paper 

As tower anchors have been somewhat overlooked, causing 
in sorne instances much loss, these notes are written to call 
attention to the importance of properly designing them so that 
the maximurn strength of tower may be obtained with the 
most economical outlay. The notes show; 

1. A method of figuring the loads to be resisted by the anchors. 

2. The importance of resisting the horizontal as well as the 
vertical loads. 

3. The effect of the shape of the anchor on strength of tower. 

4. Various types commonly used. 

5. The economy of the use of an all-steel anchor. 


T he ABILITY of a tower to resist the loads coming on 
it depends largely on properly designed anchors and it 
is the intent of the following notes to call attention to this fact. 

A large percentage of the loads on a tower or pole, are in a 
horizontal direction, and are applied thereto near the top, 
causing an effect of overturning at the base. This overturning 
moment, together with the load causing it, must be taken up 
by the anchorage. 

To illustrate; let Figs. 1, 2 and 3 represent wide base towers 
having separate anchors for each leg. Fig. 1 illustrates a tower 
in which the leg angles extended would intersect at or near the 
resultant of the applied loads. Fig. 2 represents a tower 
with parallel legs where the bracing carries all the horizontal 
loads, while. Fig. 3 shows a tower with legs battered so that 
part of the horizontal forces are carried down through the legs 
and part by the bracing. 

Let A represent a horizontal force applied to the tower at 
height X from the base, then the anchors must resist a hori¬ 
zontal force equal to A, and a moment equal to AX. If Y 


eciuals the distance apart of anchors, then 


AX 

Y 


B, or the 
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vertical load on each anchor due to force A, force B acting down¬ 
ward on one anchor and upward on the other; the horizontal 
force A being divided equally between the two anchors if the 
tower is built as shown in Fig. 1. If built as shown in Fig. 2, 
it is all t&-ken up by the tension anchor, while if built as shown 
in Fig. 3, the tension anchor takes the-same amount as the 
compression anchor plus the. shear carried down by brace Z. 
If horizontal strut W is used on towers of Figs. 2 and 3 the 
anchors will each carry one-half of load A, as for Fig. 1. 

In designing the anchors both the horizontal and vertical 
loads must be kept in mind, and as illustrated above, the posi¬ 
tion of the loads, together with the shape of the tower, will 
determine the amount of each. 



To resist the vertical load on the anchor is a comparatively 
easy matter and is usually done by extending the leg of the 
tower down into the ground to a steel or concrete base. 

On account of the variability of the character of the earth and 
the uniformity of the material in the towers, it seems that the 
anchors should be designed for a greater possible overload than 
the towers. How much greater is a question of judgment only. 

In designing the anchors to take the uplift we assume the 
weight of earth at 100 lb. per cu. ft. and that of concrete at 
150 lb. In case of an all-vSteel anchor we figure the weight of 
an inverted frustum of a pyramid whose sides incline at an 
angle of 30 deg. with the vertical, assuming this to be the ulti¬ 
mate resistance of the anchor. From the results of some of our 
tests it seems that these assumptions will give no allowable 
overload with freshly tamped earth (see report of tests ap¬ 
pended). We have made no tests on anchors after they have 
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REPORT OF TESTS ON'STEEL ANCHORS 
Showing Movement Due to Loads Applied to Towers 


Test Dist. 

No. A Base 


TT .-r. r. Vert. Move't. Horz. Move’t Time 

Uplift Comp inches Top of Stub set 

Thou. Thou. -^-- before 

lb. lb. Up- Down- Ten- Comp. Test 
ward ward sion 



5 mo. 

“A” frame 
bolts failed in conn, 
of stub to leg. 

4-23-13 

2 mo. 

"A" frame 
comp, stub buckled 

5-15-13 

3 mo. 

"A" frame 
anchor pulled up. 

4-23-13 



Tower A 1. 

Tower failed by 
shear of bolts about 
halfway up the 
tower. 9-15-13 



Tower B. 

Tower failed in 
12 da. bottom bay. 


12-12-13 



Tower C. 

Tower leg failed 
3 wk. in lower panel 

12-5-13 


Tower C. 

Tower leg failed in 
lower panel. 7-16-14 


Tower E. 

Tower failed near 
top. 8-28-14 



Tests 1, 2 and 3 were made with "A" Frames. 

Tests 4 to 11 inclusive were made with 4 legged Towers. 

Style of anchor for tests 1 to 4 inch and 5 to 9 incl. similar to Fig. 9. 

Style of anchor for tests 5, 10 and 11 similar to Fig. 8. 

Bases of all archors were in form of grillage except No. 3 which was 2L^ b to! b. 
Distance A above is depth of grillage from ground level. 
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been set long enough for the earth to have settled in the hole 
and become bonded with the surrounding earth. The tests 
we have made show that the earth in the hole moves up wit i- 
out disturbing the surrounding earth. It would be very in¬ 
teresting to test some anchors for the uplift after all settlement 
has been completed, although a transmission line is usually m 
operation long before the earth has settled completely. 

We have found that, although the load on the anchor of the 
compression side is somewhat greater than the uplift, the 
governing feature is the uplift, and that if the latter is properly 
cared for there will be practically no movement downward^ on 
the compression side, the anchors for each leg being made alike. 

To resist the horizontal force is also a simple matter if the 
tower is so constructed that all the horizontal shear is taken 
up in the legs, as would be the case, in the tower of Fig. 1, but 
on account of the necessary separation of wires and other con¬ 
ditions it is usually more economical to use construction illus¬ 
trated by Figs. 2 and 3. In Fig. 2 all the horizontal force must 
be taken care of near the surface of the ground, but in Fig. 3 
due to the batter in the legs, a part of it is taken by them directly 
to the base, the remainder must be taken care of near the sur¬ 
face of the ground. 

It may be proper to note here that the failure of many towers 
has been due, at least in part, to the fact that proper provision 
was not made for this horizontal force. 

The most of the failures of which I have reports have oc¬ 
curred on towers with anchors as shown in Fig. 6 with concrete 
omitted, which is a very common type. With this type there 
is very little resistance to the horizontal component of the 
stress in the bottom diagonal. The consequent horizontal move¬ 
ment of the main body of the tower causes buckling in the com¬ 
pression leg. A horizontal strut near the ground level pre¬ 
serves the shape of the tower, but tends to cause buckling in 
the compression stub and also is generally more expensive than 
the use of anchors of Figs. 7 and 8. This type may, however, 
be used if care be taken in the design of the tower to see that 
there is a small stress in the bottom diagonal. 

There are several effective methods used in constructing 
anchors to resist this horizontal force, such as illustrated in 
Figs. 5 to 8 inclusive. 

Fig. 5 shows an all-concrete anchor to which the tower leg 
is held by means of anchor bolts. 
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Fig. 6 shows a combination of concrete and steel, the le? 
extending down into the concrete with lugs at the'bottom to 
give bearing on the concrete; the legs being spliced a little above 
the top. 

Fig. 7 shows an all-steel design, using four battered angles 
extending from a point slightly above the ground level to a 
base at the bottom. It resists the vertical load by means of 
a system of angles around the bottom as shown, and the. hori¬ 
zontal force by the batter of the upright angles. The objec¬ 
tion to this type, is that it must have a perfectly fiat bottom 
on which to rest, or unequal stresses will exist in the different 
legs of the anchor. This design is in use. on the Big . Creek 
Line of the Pacific Light and Power Company, and others, 
and although somewhat expensive on account of its weight 



Fig. 5—Showing' Concrete Fig. 6—Showing Concrete 
Footing with Anchor Bolts Footing with Leg Angle At- 
FOR Attaching the Lower tached to Stub Angle which 
Leg Extends into the Concrete 

and character of sh,op work, should prove very satisfactory if 
properly set. There are other anchors of this type but this 
seems to be the best, everything considered. 

Fig. 8 shows an all-steel anchor which has proved very satis¬ 
factory, and as far as I know, the least expensive anchor of 
efficient design that has yet been constructed. In this anchor as 
shown, the vertical force and part of the horizontal force is 
communicated through, the single stub angle to a steel grillage, 
the balance of the horizontal force being taken up about two 
ft. below the ground level by extending the bottom diagonal 
of the tower down to the stub angle at that point, where a 
channel or plate of sufficient area is placed to resist most of the 
load. This style of an anchor has several advantages: 

1 . The leg splice to the stub can be kept far enough above 
ground to be out of the zone of serious corrosion. 
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2. It can be made practically permanent by splicing the stub 
about three ft. below the groinid, making it i^osvsible to renew 
the part of the anchor at the ground level with small expense. 

3. Ease of setting, back filling and tamping properly. 

4 . vSmall amount of steel necessary and inexpensive shopwork. 
The accompanying idiotographs illustrate the ability of this 

style of anchor to resist all the loads which are applied to it. In 
each test that has been made on towers set on these anchors 
the break has been due to other causes than the movement 
of anchors. 

In this connection I wish to state that we have very few 



Fig. 7—Showing 
All-Steel Footing 
FOR EAkTH Setting 



Fig. 8—All-Steel 
Footing for Earth 
Setting 


Grillage 

Fig. 9—All-Steel 
Footing with Hor¬ 
izontal Force ^ in 
Bottom Diagonal 
not Properly Pro¬ 
vided for 


definite data, secured from actual tests, which show the effect 
of the applied loads on the anchors and towers when taken 
together. I think this is due to the. fact that engineers when 
specifying their tests do not state clearly how the tests are to 
be made and as a result the towers to be tested have been set 
on a rigid foundation, which does not show how the tower would 
act on its foundation in the field, unless they are to be rigid. 

This fact was shown about two years ago wlien some tests, 
were being made under the direction of Mr. Mershon on some 
towers for the Inawashiro Hydro Electric Power Company. 
These towers and their anchors were made as shown in Fig. 9. 
The bottom diagonal of thet ower is attached to the leg of the 
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tower above ground. We found that the tower alwa37-s failed 
in the bottom panel when set on its own anchors, but might 
fail anywhere, if tested on a rigid foundation. 

In general, anchors should be stable, permanent and econom¬ 
ical. 

Concrete anchors are stable and permanent, but in most cases 
will be found too expensive and sometimes their cost is pro¬ 
hibitive. 

Steel anchors, if properly designed and set, can be made 
practically as permanent as concrete and are much less expensive. 

It should be remembered that there are parts of a tower 
that ma^’- fail without causing complete collapse of the tower, 
but the anchors are not among these parts. 
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FOUNDATIONS FOR TRANSMISSION LINE TOWERS 

AND TOWER ERECTION 
HI—THE ALABAMA POWER CO. 


BY W. E. MITCHELL 


Abstract of Paper 

The development of the type of all-steel tower footing used by 
the Alabama Power Company for their 110,000-volt double¬ 
circuit steel tower transmission lines is outlined, with a summary 
of the conditions influencing the designs finally arrived at. 

I T HAS BEEN the writer’s opinion for some years that con¬ 
crete foundations for steel transmission line towers in 
most sections of the country were not warranted. Due to the 
inaccessibility of most lines and the impossibility of finding 
proper concrete materials near them, the cost of concrete founda¬ 
tions, including excavation, frequently runs above $100 per tower 
and seldom goes below $50. 

At the start of the development of the Alabama Power Com¬ 
pany a careful investigation was made of the general territory 
through which the lines were to run with particular reference 
to railroad and wagon road facilities and concrete materials. It 
was found the roads were bad and hauls of from four to ten miles 
from the nearest railway stations were frequent. It was also 
found that while all lines ran through country with a good clay 
or disintegrated rock soil, there was practically no sand, gravel 
or hard rock available for concrete. Studies were therefore made 
of all-steel foundations and the first 1000 towers were supplied 
with footings as shown in Fig. 1. 

The towers were designed for two circuits of No. 00 seven- 
strand medium, hard drawn copper and two f-in. Siemen’s 
Martin ground wires. The average span was figured as 750 ft. 
and maximum span 1000 ft. Minimum 'ground clearance for 
conductors 25 ft. The loadings used were eight pounds per 
square foot of projected area of conductors and sixteen pounds 
per square foot on flat surfaces. Ice loading was taken as f in., 
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as in the section the development is in, sleet is practically un¬ 
known. Temperature variation 100 deg. fahr. 

The test loads on the towers were: 

No. 1 A horizontal pull in direction of line of 3000 lb. at any 
insulator or ground wire support. 

^ No. 2. A vertical load of 1200 lb. at end of any one or all 
cross arms. 

No. 3. A horizontal pull, transverse with line, of 5000 lb. 
applied at middle conductor cross arm on center line of tower and 
at the same time a load of 7000 lb. parallel with line, applied at 
the top conductor cross arm on center line of tower. 

Specifications for tower material were: 

Material; A. R. E. Association 0. H. structural steel. 

Unit stresses: Tension, 25,000 lb. per sq. in. 

25000 

Compression," ^ 

^ 18000 

Bolts; Shear, 20,000 lb. per sq. in. 

Bearing, 40,000 lb. per sq. in. 

All material galvanized, except bolts to be sherardized. 
Connection bolts, \ in. diameter. Ladder bolts f in. diameter. 
Anchorage connection bolts, f in. diameter. 

With the above data for designing the towers proper, the de¬ 
sign of the footings was arrived at as follows: 

Experiments with buried disks and other fiat plates show that 
in pulling them mp the soil is removed in the form of a cone 
and that the angle of the sides of the cone very closely approxi¬ 
mates the adherence angle of the soil. In determining upon the 
size of the footing and the depth to which it should be put,'it,was 
assumed that the maximum force withstanding tension in the 
tower stub was the weight of an inverted truncated cone of 
earth which had the area of the tower footing as the smaller base 
and sloped outwardly at an angle of 30 deg. from the vertical. 
The weight of the soil was assumed as 100 pounds per cubic foot. 
In this calculation no account was taken of the unknown but ever 
present friction between the soil in the cone and the surrounding 
soil. ■ 

.To withstand a thrust on the footing, a fair bearing pressure 
per square foot was assumed. By these calculations it was found 
that a base about 6.25 square feet in area and buried 7,5 feet in 
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the earth would give a factor of safety of two. The lightest 
grillage for this given strength therefore was 2.5 feet square. 

In the field work it was found that it was necessary to di" a 
hole at least 2.5 feet by 3.5 or 4 feet in order to allow the men 
sufficient room in which to work. It was evident therefore that 
an anchor of rectangular shape would require less excavation 
and for that reason the later towers were ordered udth anchors 



2 feet by 3.5 feet in area. The grillage weighed more but the 
saving in field work more than offset the greater cost of metal. 

In tests and in the field where the erected towers were sub¬ 
jected to heavy overturning strains, it had been noticed, that the 
legs tended to move toward each other at the ground line, show¬ 
ing that the earth, though well tamped around the stub, would 
yield to the horizontal stress in the lowest diagonal. At this 
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point the tower leg must resist a force at right angles to its 
loading, and this force acts upon a very long lever beam. To care 
for this force, it was decided to make the point of junction of the 
lowest diagonal and the tower leg, about 2.5 feet below the ground 



Fig. 2—Erection Diagram 


line and there put in some horizontal resisting surfaces. These 
latter were made of two pieces of 6-in. channel 18 in. long bolted 
to the leg at right angle's to each other. A tower with these 
modifications of the footings and lower diagonals was tested to 
destruction. The bolts in the upper part of the tower, as shown 
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Showing crack in earth and 
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by the arrow in one of the illustrations, sheared; the legs of the 
tower as evidenced by the ground at the base had not moved. 
These changes produced a tower which we believe has no 
superior for the same weight. 

, In traversing such rough country, it was frequently necessary 
to locate the towers, or one or more legs at least, on a bed of rock. 
In some cases, the rock was decayed enough to make the use of a 
grillage footing advisable; in many cases however the foundation 
was of such stable character that it was practically necessary 
to use some type of rock anchor. This feature was studied and 
as a result, the anchor shown in Fig. 3 was developed. It is an 
angle the same size as the leg angle of the tower which at the 
lower end has been rounded and scarfed. A hole 2.25 inches in 
diameter was drilled and the anchor grouted into place. This 
formed a footing which was materially cheaper and easier to 


3'1" 



rlVa" 


'a^Aii 


^N'Not over 




Holes 3^/" 


3 Va'i- Forged round^ 


Rounded off to fit inside Leg of A Tower 

Fig. 3—Rock Footing for " A 


Towers 


install than the use of a special tower footing with the two or 
more anchor bolts. 

In excavating, hand drills, coal augers, and a portable gasoline- 
driven air compressor with a jack hammer drill were used. 
Forty per cent dynamite was used and practically all holes were 
shot. The coal augers did not prove satisfactory. The com¬ 
pressor outfit however effected a saving of about 25 per cent over 
hand drilling. The drawback to it was that it could not be used 
in very rough country due to the impossibility of getting it near 
the tower location. 

Towers were located by the field engineer from the spotting 
made in the office on a profile of the line. Reference hubs were 
set and depth of excavation for each footing marked. All four 
footings were set at one time using a template, and were leveled up 
with a carpenter’s level and level board, or with an engineer’s Y 
level. The backfill was carefully tarnped by hand. Experiments 
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with a regular gasoline-driven ditch tamper showed ver^^ good 
results where it could be used, but the roughness of the country 
prevented its use to any large extent. 

Examination of footings after one year show only very slight 
settlement and no movement of tower base whatever. Towers 
were assembled complete on the ground, the insulators hung on 



Fig. 4—Footing Used on 50 Type “ Alf Towers 


the crossarms, and then raised with a gin pole. The average 
assembling crew assembled from twelve to sixteen towers per 
day and the erecting gang raised about the same number. The 
best record was twenty towers raised in one ten-hour day. 

Excavation, setting footings and back fill, with all steel founda¬ 
tions, cost on an average of $28.00 per tower; assembling 4800- 
pound towers cost $10.00 and erection $5.00. 
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FOUNDATIONS FOR TRANSMISSION LINE TOWERS 
AND TOWER ERECTION 

IV—A FEW Essentials in Tower Line Construction 

BY P. M. DOWNING 


Abstract of Paper 

In this paper the author briefly emphasizes the fact that the 
weakest link of any transmission system is the line, and _ that 
this part of the plant has never been given the consideration it 
deserves. 

Towers are strongly advocated for important trunk lines, 
and certain conditions to be met in the design of same are given. 

The use of concrete footings is recommended in preference to those 
of metal set directly in the ground. 

T he UvSE of wooden poles in connection with high voltage 
transmission lines, especially important trunk linevS, is 
fast being superseded by steel towers. The wonderful growth 
of the electrical industry during the past few years has resulted 
in the construction of larger generating stations, and the trans¬ 
mission lines carrying these heavier loads have become of cor¬ 
respondingly greater importance. 

During all of this time, except for a noticeable increase in the 
sizes of the units used, there has not been any radical change in 
the equipment of h^^droelectric generating stations. The same 
general types of turbines and impulse wheels as were used fifteen 
or twenty 3 ^ears ago, during the infancy of the industry, are still 
being used. Slight modifications in the design of the generators, 
the use of the better material now available, and higher speeds 
have resulted in larger units and increased- efficiencies. Trans¬ 
formers have kept pace with the generators and waterwheels, 
both as regards size and efficiency, but have never been in any 
respect the limiting feature in high-voltage transmission work. 

The line is and has always been the weakest link of the entire 
system, and it is only duiing the last few years that this part 
of the work has received the attention it deserves. Wooden 
pole lines with pin type insulators were for many years used al¬ 
most exclusively, regardless of the voltage, or the importance 
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of the line; in fact, it was not until 1903 that the first commercial 
tower line in America was constructed by the Guanajuato Power 
Co., in Mexico. The first line u.sing towers with suspension 
insulators was the 140-mile 100,000-volt line of the Stanislaus 
Power Company in California (now the Sierra and San Francisco 
Power Co.). 

The tower designs first constructed called for each structure to 
be self-supporting under strains due to the breakage of all con¬ 
ductors on one side of the tower together with maximum ice 
and wind strains. This resulted in a heavy, durable structure 
of high first cost, and imposed a very much more severe condi¬ 
tion than could be met by pole lines. 

Little attention had ever been given to the determination of 
the strength of wood poles, either by calculation or actual test, 
and there is no doubt but that such strength requirements in 
line towers were unreasonable. Subsequent experience has shown 
that the average tower is too complicated a structure to accur¬ 
ately. calculate the stresses in the different members, and it is now 
generally conceded that the best and only safe way to get reliable 
information as to the stability of a tower, is to subject it to 
actual test. 

A very safe condition under which to test towers to be used in 
a country not subject to severe snow and sleet conditions, is to 
consider a wind pressure of IL-j lb. per sq. ft. on fiat surfaces, 
combined with a temperature range of 125 deg. fahr., or a pressure 
of 21 lb. per sq. ft. on fiat surfaces under ordinary temperatures; 
also two broken wires in any span of a circuit carrying six wires. 
These breakages to be in such positions on the tower as will give 
maximum strain. The height of the tower will depend on the 
spacing and the required clearance of the conductor above the 
ground. Considerable difference of opinion exists as to the most 
economical length of span that can be used. These range from 
400 to 1200 ft., depending to a considerable extent on the charac¬ 
ter of the country, the climatic conditions and the voltage of the 
line. 

Where the line is, subject to heavy snow and sleet conditions, 
the spans must be short, and very often under such conditions 
it is inadvisable to place the three conductors in a vertical plane. 
A very much better and safer construction can be had by u.sing 
single circuit towers with the conductors in a horizontal plane. 
Under these conditions any unequal distribution of the snow 
load on the different conductors will not cause them to come in 
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contact with, each other. On 100,000-volt lines carrying two 
circuits of three wires each, located in vertical planes on the two 
sides of the tower, a spacing of 800 to 1000 ft. will generally be 
found to give maximum economy. 

Tower foundations depend largely on the character of the soil 
in which they are located.: In heavy ground a metal footing 
having sufficient resistance against up-lift may be used, but they 
are not to be recommended. The permissible strains borne 
by well tamped dry earth do not always obtain under water 

soaked flood conditions. Where 
metal footings without concrete 
have been used, too often they 
have been found inadequate and 
resulted in the ultimate failure of 
the tower. .Under no circum¬ 
stances, except on very short 
towers, should single post footings 
be used. Two or three posts give 
a much more rigid and substantial 
construction, but materially in¬ 
crease the first cost of the structure; 
in fact, for' the same factor of 
safety, it is very doubtful whether 
under any normal conditions the 
difference in first cost between the 
metal and concrete footings will be 
great enough to justify a decision 
in favor of the metal. 

Fig. 1 — Concrete Footing a number of different lines 

FOR 75-Ft. Double Circuit o^ginally constructed with all 
Line Tower metal footings, tower failures have 

occurred, and it has since been found necessary to reinforce 
them with concrete. 

On the basis of an 800-ft. spacing between towers, and an 
allowable stress of 15,500 lb. per sq. in. for copper conductors, 
the sag at 60 deg. fahr. would be approximately, 20 ft. On a 
double-circuit tower line, having conductors strung to this ten¬ 
sion and spaced 10 ft. apart, with a required clearance of 30 ft. 
above the ground, a 75 to 80 ft. tower would have to be used. 
The footings of a tower of this height under the assumed load 
conditions should contain not less than IJ cu. yards of concrete 
per leg, and be of a form .similar to that shown in Fig. 1. On the 
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basis of concrete weighing 140 lb. per cu. ft., earth 110 P®’ 

cu. ft., and assuming the angle of cleavage of the earth as 30 deg 
from the vertical, a footing of this kind would have a factor o 
safety of approximately two. 

In pouring the concrete in a footing of this kind the bottom 
pan-cake is placed without a form, and allowed to set just long- 
enough to support a metal form for the upper portion. ^ 

To insure against weakness due to possible poor bonding along 
the plane of contact between the upper and lower portions of 
concrete, it is advisable to use short pieces of reinforcing, or let 
the metal footing extend well down toward the bottom of the 


foundation. 

The cost of footings of this kind on a line run through average 
country such as will be found between a hydroelectnc plant m 
the mountains, and a distributing center in the valley, that is 
where the route is about equally divided between mountains and 
vallev, is, approximately, $90.00 per tower, divided as follows: 

' Labor...«4P.OO 

Material.. aa 

Hauling material.. . . . . 34. 


$90.00 

These prices are based on labor at $2.50 to $3.00 per day, and 
concrete mixed by hand at each tower; average haul for material 

six to eight miles. • , r 

Ill a country that is not too steep, the most economical way ot 

erecting towers of this size is to assemble them on the ground 
and end them up into position. One very easy and satisfactory 
way of doing this is to set a 30 or 35-ft. gin pole jiust outside of the 
footings holding it in position by three guys fastened to iron stakes 
driven into the ground for anchors. Over an open sheave on the 
top of this gin pole is carried a 0.5-in. flexible steel cable one end 
of which is connected to the tower at the lower cross-arm, the 
other to a set of triple blocks made fast to another anchorage 
300 or 400 feet from the base of the tower. Where the ground 
around the footings is not well packed, it is advisable to use 
hold back anchors on the ground legs, as otherwise the heavy 
pull against the footings when the tower starts to raise-is 
liable to damage them. A back guy should also be provided to 
prevent the tower dropping into place as it comes up to a vertical 
position. Ordinarily side guys are unnecessary, but during windy 
weather it is well to have them held loosely as the tower rises. 
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Fig. 2—Placing Tower Footings on a Steep Side Hill by Means of 

Metal Template 



[downing] 


Fig. 3—A Steel Tower being Erected at 
Line Crossing Over a Navigable Stream. 

Showing a gin poie in the middie of the tower and 
supported from the four corners of the tower at both 
bottom and near the top by means of binclcs and tackie 
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Fig. 4—A Seventy-Eight Foot Double Circuit Standard Line 
Tower being Assembled on the Ground 



[downing] 

Fig. 6—A Tower being Raised into Position by Means of a Gin 

Pole 
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The best motive power for this work is a 3-ton motor truck which 
can be used not only for raising- the towers, but also for trans¬ 
porting tools and equipment between towers. A crew* of nine 
men with a truck will raise and fasten to the footings an average 
of 9 towers per work day of S to 9 hours. The insulators are 
attached to the tower while it is on the ground and raised with it. 

While there are few, if any, tower lines that have been in ser¬ 
vice long enough to determine the relative merits as between 
galvanizing and painting of steel structures of this kind, there is 
every reason to think that hot dip galvanizing when properly 
done will prove the more satisfactory in the end. The first 
cost of painted towers is less than galvanized, but at the very 
best, the painting will last only a few years. As an offset to 
the lower first cost of painting, there would be the increased 
maintenance cost. Moreover the tops of the tower could not 
be painted with voltage on the line. To do this part of the work, 
service would have to be interrupted. This objection alone would 
in many instances be a most serious one, and doubtless, wou 
oftentimes be the determining factor in deciding in favor of the 
galvanized structures. 

There is nothing, thus far, to indicate that there is any ap- 
iireciable deterioration of the galvanizing when set either in the 
concrete or directly in the ground. Galvanized tower bol s 
arc not entirclv satisfactory. It has been found that _almo..t 
invariably the bottom of the threads will lie so filled up with the 
galvanizing that the nuts cannot be run on. Sherardizmg over- 
this trouble, but is open to the objection that this process 
is interior to hot dip galvani-ring, and it is often only a matte 
of a short time when the sherardizing will disappear and t 
olt rust After the tower is erected it should be gone ower care¬ 
fully, all bolts tightened and the threads upset, so that the nuts 

“"t*strene the vibration of the tower due to the wdnd 
are provided to prevent it. 
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FOUNDATIONS FOR TRANSMISSION LINE TOWERS 
AND TOWER ERECTION 

V— Toronto Power Company 


BY F. C. CONNERY 


Abstract of Paper 

There is a broad_ field open for designing and construction 
engineers in the design and construction of transmission towers 
and foundations. The purpose of the paper is to present a 
brief explanation of the types of towers, tower foundations, etc., 
along with a few details of field practise used in connection with 
the construction of two lines of towers carrying six 190 , 000 -cir. 
mil, seven-strand copper conductors,between Niagara Falls and 
Toronto, Ontario. 

The question of dispensing with massive concrete foundations 
for towers is dealt with, and a number of alternatives are pre¬ 
sented for consideration. 


following notes relate to the old and new 60,000-volt 
lines of the Toronto Power Company, between Niagara 
Falls and Toronto. 

There are several types of towers and foundations used on these 
lines which are outlined in Figs. 1 to 5. inclusive. Figs. 6, 7, 8, 
9 and 14, are reproduced from photographs showing various 
features of interest of certain of these towers. 

Towers enumerated above, with the exception of that of Fig. 3, 
are designed to carry two circuits of i90,000-cir. mil seven- 
strand copper cable, for 60,000-volt transmission; pin-type insu¬ 
lators are used. The tower of Fig. 3 is designed to carry four 
circuits of the same size conductor. 

The writer will endeavor to give, from a practical view-point, 
a brief explanation of a few of the foundations used with the 
above mentioned towers. 

Fig. 10 shows foundations used in connection with tower 
shown in Fig. 1. About 100 sets of these footings have been dug 
up after being in use seven years, and in no instance has the 
galvanizing deteriorated, and the 3 by 6 by 24-in. impregnated 
wooden blocks, with a few exceptions, were in a fair state of 
preservation. These foundations were located in various kinds 
of soil, 
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In connection with the tower shown in Fig. 2, we did not use 
impregnated blocks, nor were any precautions taken, other than 
the hot-galvanizing, to prevent corrosion of the steel. Six ot 
these towers were erected in low marshy black-muck, no resist 
ance being encountered with borings at 40 ft. 




DETAIL OF 
FOOTING 



DETAIL OF 
FOOTING 


Ground vSptrb 


A two-inch plank sheathing was driven around eadi 
location, the muck dug out and a floating foundation built six 
feet below the ground surface; this consisted of impregna e 
inch planking, the footings being set in concrete, approximate y 
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one yard of cement being placed around and under each stub 
the excavations being 30 in. by 30 in. by 6 ft. These towers have 
been erected for one year and have neither settled nor gotten out 
of alignment. ^ 

I may say that great care was taken in connection with the 
locating of towers, so as to aA^oid, where possible, soft marshv 



Fig. 2—Standard 53-ft Tower. Lake Tower 


soil and also to equalize the grade. Tower footings in gravel, 
or a mixture of sand and loam packed tightly, offer a great 
resistance against upward pull. 

A number of towers of the type marked Fig. 2, wmre erected in 
rock. This rock was thinly stratified and was easily excavated 
to a depth of three feet. The stubs were cut down to 3 ft. 6 in., 




















1236 CONNERY: TOWER FOUNDATIONS [June 29 

and were concreted in with a one-to-four mixture. This con¬ 
struction has proved satisfactory. 

In Figs. 6 to 9 is shown a type of narrow-base latticed tower. 
The foundations for these were built in two ways. 

(a) A foundation 6 ft. by 6 ft. by 6 ft. with twelve Ij-in. anchor 



bolts 5 ft. 6 in. long. This was a one-three-five concrete mixture. 

(b) Foundations 6 ft. by 6 ft. and varying in depths were ■ 
built in the following manner: 

Excavation was taken out, copper grounding-ribbon placed, 
and 12 inches of one-three-five concrete placed and tamped. 
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Pig. 7—Method of Loweri’''o Standard 40-ft. Tower Second 

Position 
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Fig. 8—Method of Lowering Standard 40-ft. Tower— 

Third Position 



Fig. 9—Method of Lowering Standard 40-ft. Tower— 

Fourth Position 



[CONNER yJ 

Fig. 14—Lake Tower Foundations, Burlington Beach 
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No anchor bolts were used hut tVio i-r. 

12-in. base, and then the exea™^ ^ 

concrete, this method being used on a '"Hi one-three-five 

in the dimensions of the bases of these towT‘ Millmtep™ 

SIX feet. 



Fig, 5—FIeavy 75-Foot 


Strain Tower 


Construction of Footing. (Fig. 3 ) 
Eleven of the above footings were 
constructed in the waters of Lake 
Ontario at Burlington Beach, Ontario, 
the mean depth of water being about 
three ft. 

A double coffer-dam was built of 
2 by 8-in. tongued and grooved spruce, 
driven to a depth of 10 feet below 
the lake bottom^ by a small steam 
hammer. The water was pumped 
out, and sand and gravel excavated 
to a depth of six feet below the lake 
bottom, where very coarse gravel was 
encountered. 

foundations were then con¬ 
structed as shown, the spruce sheeting 
being left in to protect against scour- 
ing. After the foundations were com¬ 
plete, a talus of 10-inch rock, each 
piece weighing from 500 to 1500 lb., 
was built around the two outer foot¬ 
ings of each foundation for extra pro¬ 
tection, the location of these towers 
being on a shore where storms from 
the East are very prevalent. 

Method of Setting Stubs. Fig. 15 
shows the template used with success 
in the setting of stubs. This tem¬ 
plate was carried by the setting-gang, 
lined up on the center line stakes and 
leveled by the gang foreman by means 


of a carpenter’s level, and then blocked up and checked. 

The stubs were bolted to the template and the filling in of holes 
proceeded with. One man back-filled while two men tamped. 
Special attention on the part of the foreman should be given to 
the tamping, as workmen are apt to do this in a careless manner. 
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Where water was available it was used to settle the back-filling. 

The towers were assembled at the locations where they were 
to be erected, and were erected with a shear-leg outfit. From 
eight to twelve towers of the type marked Fig. 2 were erected 
in one day by eight men and one team. 

The writer has used portable derricks, gin-poles, etc. for erect¬ 
ing towers, and can say that the shear-leg method is the most 
efficient, except where cramped for room, when the gin-pole 
should be used. 

The shear-legs used were constructed in the following manner: 
two pieces of 6-in. by 8-in. clear Georgia-pine, 34 ft. long were 
bolted together with a 1-in. by 14-in. through bolt, 14 inches from 
the top. This along with a set of 12-in. triple blocks, hand-lines. 



Fig. 10—-Diagrams of Standard 40-Foot Tower—Foundations 

IN Different Soils 


anchor-pins, etc., makes a cheap and serviceable erecting outfit. 
The above outfit was used n the erection of a line of 928 towers 
averaging tons each, and only one mishap occurred, this being 
caused by negligence on the part of the foreman in charge, and 
was in connection with the first tower erected on the line. 

Notes on Guy Anchors 

Patent anchors for guying should not be used other than for 
ight construction. In light soil, an old fashioned, slug, or dead- 
man, gives the best results. All guys should be periodically 
inspected and tightened up. When more than one guy is used 
on a pole, galvanized turnbuckles should be used to obtain best 
results. 
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Fig. 11—Foundation Plan for Lake Tower 



Fig. 12—Masonry Plan and Anchor Bolts 


















'Gl-2 WANTED A5 SHOWN (FOR OrfE TEMPLATE) 



G2 



G2 

MARK DIAGRAM SHOWING 
(ONE COMPLETE TEMPLATE) 


Pig. 15—Detail of Template for Standard Tower Footings 
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From observations extending over ten years, I would say that 
fully 40 per cent of the guys in use are inefficient, this condition 
being due to lack of inspection. To obtain the best results in 
guying, the anchor should be placed at a distance from the base 
of the pole equal to one-third the height. 

In using rock-bolts for anchoring, care should be taken, if the 
rock IS covered with a layer of earth, to place the anchor so that 
the ring is just above the surface of the rock; then fasten a long 
link to the ring, and guy to this. This method will give much 
better results than if the ring had been left above the surface of 
the ground and guy attached to it, as the anchor rod will bend 
in the latter case. These rock-bolts should be grouted in with 
hot brimstone. 

We are now designing tower footings which include the follow¬ 
ing points which we submit for consideration and discussion: 

(1) A modification of an ordinary screw-type guy anchor, 
similar to the Matthews or Stombaugh anchor, with the top of the 
anchor rod shaped to take the tower leg; this for towers of light 
wind-mill type. 

(2) For heavy anchor, long-span towers, etc. A large foot¬ 
plate supported on a shallow concrete footing sufficient to give a 
good bearing, and an anchor similar to those mentioned above, 
with the exception that the end of the bolt will be threaded to 
take a nut and locknut. 

(3) For extra heavy, or foiir-circuit towers. A large section 
screw-pile with top plate to which the tower foot plate can be 
bolted. 

We also offer for consideration, the question of threading an 
ordinary wooden pile. There are locations on almost every line 
where marshy land or muskeg is encountered, and it is usually a 
very expensive operation to use a pile-driving outfit in these 
locations. 

In connection with this method, we have found that it is not 
necessary to drive a pile to refusal to obtain a good footing for a 
standard tower, as there is sufficient skin friction developed by 
the pile in the upper layers of the ground to give satisfactory 
results. Twenty-five-foot piles have been found satisfactory 
in very swampy ground, where borings had been taken to a depth 
of forty feet without striking firm soil. 
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FOUR YEARS’ OPERATING EXPERIENCE ON A 
HIGH-TENSION TRANSMISSION LINE 


BY A. BANG 


Abstract of Paper 

Pennsylvania Water and Power Company, since it 
started operation of its hydroelectric plant at Holtwood 
Pennsylvania, has kept a careful record of all operating events 
paper this record is given for the four years 
j high-ienswn transmission line. Holt- 

wood to Baltirnore, is concerned. The record deals essentially 
with certain observations made on lightning flash-overs de¬ 
terioration of insulators sleet on cables, and the various means 
adopted to prevent disturbances to operation from these 
causes. 


T he transmission line for which the operating record is 
given herein is the line which transmits energy at 70,000 
volts from the Pennsylvania Water and Power Company’s hydro¬ 
electric plant on the Susquehanna River at Holtwood, to the 
same company’s terminal station at Baltimore, Md., where the 
current is stepped down for distribution purposes. Practically 
all the load consists of synchronous machinery, such as synchron¬ 
ous converters, frequency changers, etc. 

This line is about 40 miles long and runs mainly in the direc¬ 
tion north-south, through a hilly country, on a right-of-way 100 
ft. wide. It coiivsists now of two rows of steel towers, each capa- 
l^le of carrying two independent three-wire circuits. The 
first of these tower lines (No. 12) was built in 1910, with both 
circuits installed; the second (No. 56) in the summer of 1914. 
On this latter at present only one circuit is installed (circuit 
No. 6). 

d^here is a considerable number of differences in the design 
of the two lines. The following is mainly a description of the 
new line, though wherever there is an essential difference, it is 
1 jointed out. 

Towers, The towers are galvanized steel towers, designed for 
six power cables and two ground cables (on the old line only one 
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ground cable); they are spaced about ten to a mile and the 
cables on the new line are anchored at every fifth tower at least. 
All the towers on the new line are set in concrete foundations, 
while on the older line, steel tripod foundation stubs were used 
for the suspension towers. 

The height of the tower is 44 ft., from ground to the lower 
crossarm. Ten and twenty ft. extensions have been used to 
increase the height of the towers whenever needed. The dis¬ 
tance between the crossarms is 9 ft., against 7 ft. on the older 
tower line, and the ground wires are located 4| ft. above the 
upper crossarm. Contrary to what was the case on line No. 12, 
where the power cables for each circuit were located all three in a 


Distance between Insulator and Insulator 5%' 



Fig. 3 —;Type of Insulator Used on Circuits Nos. 1 and 2, Holtwood- 
Baltimore Transmission Line 

vertical line one above the other, the cables on the new line have 
been staggered, so that the ground wire crossarm and the middle 
crossarm are the longest (each 23 ft. from tip to tip). The cor¬ 
responding distance on the upper crossarm is 15 ft. and on the 
lower 17 ft. 6 in. This has been done to prisvent trouble from 
sleet. 

Conductors. The conductors are 300,000-cir. mil, 19-strand 
aluminum cable. 

The ground wires consist of |-in. galvanized seven-strand 
steel cable. 

Calculated Load. Maximum load on the cables is assumed to 
occur at a temperature of 25 deg. cent., with a wind pressure of 
15 lb. per sq. in. on wires covered with f in. of sleet. During 






Fig. 1—Suspension Tower on 
NE 12—Holtwood—Balti¬ 

more 


Fig. 2—Suspension Tower on Line 
56—Holtwood-Baltimore—In the 
Background: Strain Tower of the 


Older Line No. 12 



Fig. 6—Partial Interruption No. 
12, 1913. Insulator Removed from 
Tower No. 128, Bottom Phase, Cir¬ 
cuit No. 2 SasPENsioN Type 


Fig. 5 —String of Suspension 
Insulators for Line 56 
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, Fig. 13— Insulator Pulled Apart 
Removed from Strain Tower No. 
34 Circuit No. 1, Unit No. 3 Middle 
North Read 50,000 Ohms 


Fig. 12 —Removed from 
Strain Tower No. 163, 40,000 
Ohms between Cap and Pin— 
Broke down at 21,750 Volts— 
Crack attheBottom of theCap 


Fig. 10 —Insulator Fig. 11 —Insulator 


String Punctured String Punctured by 


on Line 


Test 



Fig. 14—Turkey-Buzzard Killed on Line. 


.bang] 


Note Specially that 


Left Wing is Burned 

Dimensions—Tip of wing to tip of wing 65 in.—tip of wing to toe 34 in.—toe to beak 22^ in. 
































1915 ] 


BANG: HIGH-TENSION OPERATION 


1245 


EMrtanct between Insulator and rntulalor 5* 

( 


these load conditions the tension in the cables approaches th 

elastic limit. „„„ ,, ^ ^i,p 

The stringing tension at + 26 deg. cent., was 500 lb. lor 

power cables and 950 lb. for the ground cables. ^ 

^ Insulators. The insulators are of the suspension d s W . 

10 in., in diameter. The units selected for the newer line have 
tli6 following electrical characteristics. 

Individual dry flash-over voltage = 3/-°“ ^0 000 volts. 

Individual puncture voltage - 14U, 

Units 0° ^ 90.000 volts. 

“ ure 

■ Eight units to the string are used on anchor towers and sev^ 
on suspension towers. Seven umts correspond to a dry flash 

voltase of 378.000 volts. - 

On the old line originally, five and six units, respectively 

were used for suspension and strain 

EMrtanct between Insulator and mtulaldr 5* 

towers. ^ _ 

\ The new tower line is built parallel 

^2, distance between lines 
lieing only 50 ft. on centers. On 
account of this it was necessary to 
C—place the towers on the new line as 
Fig. 4 — Showing Type of possible opposite the towers 

Insulator Used on Cir- ^me. The number of 

cuiTs Nos. 5 AND 6 increased on 

the new line in order to prevent longitudinal vibrations and to 

lessen the chances of sleet trouble. _ 

The standard span is 500 ft., the shortest span is 126 fri, and 

the longest built with standard towers and cables is 1080 "■ 
AU spaTof 800 ft., or more are anchored at both ends. Double 
strines of insulators are used at all railroad crossings. T 
eCatioii ome line varies from about 600 ft. above sea level at 
the generating end to about 50 ft. at the receiving end. 

Electrical Data. cycle,. 

Frequency.. 

Normal line voltage between 70,000 volts. 

OtoicTesistarieof one wire;;.'.'. = 12.1 ohms (12 deg. cent.) 
Ohmic reactance at 25 cycles is. . • ^ 

Impedance at 25 cycles is.••= 17.9 ohms 


Fig. 4—Showing Type of 
Insulator Used on Cir¬ 
cuits Nos. 5 AND 6 
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5800 kw. or 10 per cent 
when 58,000 kw. are trans¬ 
mitted. 

3.5 amperes per wire. 

Operating Record 

Below is given a tabulation of all the disturbances to normal 
operation of the system originating in the transmission lines, 
together with the cause of the trouble and the year it occurred. 
These disturbances have further been divided into three groups, 
depending on their seriousness, i. e., total interruptions (T.I.), 
where all the load was lost, though generally not more than for 
a few minutes; partial interruptions (P.I.), where a percentage 
of the load was momentarily lost; and, finally, mere voltage or 
frequency disturbances (V.D.), where no load whatevei was 
lost. These disturbances have been recorded whenever the 
voltage changed suddenly five per cent or more. 


TABLE I.—OPERATING RECORD FOR HOLTWOOD-BALTIMORE TRANS¬ 
MISSION LINE, JANUARY 1,1911, to DECEMBER .31,1914 _ 


Cause 

1911 

1912 

1913 

1914 

Total for four 
years 

T.I. P.I. V.D. 

T.I. P.I. V.D. 

T.I. P.I. V.D. 

T.I. P.I. V.D. 

T.I. P.I. V.D. 

Lightning. 

23 .. 10 

3 19 4 

3 17 11 

1 6 7 

30 42 32 

Defective insula¬ 
tors . 


. 

1 .. .. 

1 1 

1 1 1 

Sleet on cables.... 

. 

. 


2 2. 

2 2 .. 

Birds online. 

1 . . .. 


1 .. 2 

1 3 2 

3 3 4 

Wires blowing to¬ 
gether. 

' 




.. .. 1 

.. .. 1 


It will be seen that the cause for all the disturbances can be 
covered under the five headings: lightning, defective insulators, 
sleet.on cables, birds on line, and wires blowing together. 

Of these the overwhelming cause of trouble is lightning. 

It may be of interest to recount a few observations made on 
the effect lightning has on a transmission line in operation. • 

Though the lines are protected at both ends with aluminum 
lightning arresters, which duly discharge during storms, lightning 


Losses in three lines at 200 am¬ 
peres .... 

Capacity current.. 
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discharges or surges will nevertheless give rise to “ flash-overs ” 
on the line, which, once established, are maintained by the power 
from the generators. Such flash-overs practically always start 
at the towers where the clearance distances to ground {i.e., tower 
structure) are the smallest (a double or triple ground to the same 
tower is naturally in effect the same as a two- and three-wire 
short-circuit). The path of the flash-over may vary. Thus, 
when circuits Nos. 1 and 2 originally went into service, the sus¬ 
pension towers were equipped with five units to the string and 
strain towers with six units. With this arrangement it was 
always found that the flash-over would occur upwards from the 
conductor, alongside the string of insulators. 

Fig. 6 shows a typical string of insulators, damaged by such 
an arc. It can be seen how the three lower insulators are com¬ 
pletely broken to pieces, probably mainly due to the heat gener¬ 
ated by the arc; the bottom bolt shows a deep burn. It can also 
be seen from the marks on the string how the arc in this string, 
instead of traveling all the way from conductor to the tower in 
one unbroken arc, has broken into small individual arcs, each 
encircling one insulator. That happens frequently, though not 
always. 

Not only the insulators but also the cable is liable to be 
damaged by lightning arcs; Fig. 7 shows a typical case. If the 
arc stayed at one place it would quickly burn the cable through. 
Fortunately, the arc is generally on the move. As a rule it is 
blown away from the power house, due to its own magnetic 
action. On the Baltimore transmission line we therefore gener¬ 
ally find the cable damage to the south of the towers; traveling 
this way the arc burns and pits the cable in spots. In a few 
seconds the arc may travel five to thirty feet. 

When it was found in the first lightning season (1911) that 
practically all flash-overs occurred along the insulators, the plan 
was tried in 1912 of increasing the number of disks of a suspen¬ 
sion string to seven and. of a dead-end tower to eight, on two 
particular stretches where the lightning had been especially 
severe. This proved successful in so far that only one lightning 
stroke occurred on these stretches in 1912 against 22 in 1911. 
Before the lightning season of 1913 one whole circuit (No. 1) 
was therefore ecjuipped in this way with seven suspension and 
eight strain units. The result was, as shown by the power house 
ground chart record, that in 1913 the lightning flash-overs were 
distributed between the two circuits as follows; 
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Flashover 1 


Mlddle\ — 


—’t Flashover 
rJcirc. No. 2 


k/er I \ 


27 lightning strokes on circuit No. 1. 

20 “ “ “ “ “ 2 . 

6 “ “ unknown on which circuit. 

In other words, the circuit with the many insulators showed 
the larger number of lightning strokes. Evidence from inspec¬ 
tion of the line showed, however, that whenever the flash-over 
took place on a suspension tower (which generally was the case 
in preference to a strain tower) the lightning arc on No. 2 circuit 
with the five insulators in the string, would as usual rise upwards 
along the insulator strings to the crossarrp above, while on No. 1 
circuit with the seven units in the string the arc would in every 
case go just the opposite way, i. e., from the conductor to the 
crossarm below (see Fig. 8 ). This was naturally due to the fact 
that this clearance distance for the two upper conductors was 

materially decreased (from about . 15 ...>j 

36 in. to 24 in.) by adding two circ.No.i| ^\Fiashover 

more units to the string. For the \^c.rc.No.2 

bottom conductor, where the nashover^f _ 

clearance distance still remained ^ E f -\Fiashovar 

ample, the number of flash-overs \ 

was, greatly reduced. This change ^-^ ^ 

in the location of the arc resulted 4= s^nashover 

in two distinct gains. In the first \ 300,000 cm. 

place, the arc did not have nearly 19 strands 

the same chance for damaging the „ ^ 

^ Taken by Lightning Flash- 
msulators by heat, as it did not 

pass alongside them but away from 

them. The insulator record for 1913 showed this clearly. Thus it 
was necessary to remove 210 insulators from circuit No. 2, due to 
lightning damage, and only three from No. 1 circuit. The other 
advantage gained was that it proved to be easier to extinguish 
the arcs on No. 1 circuit and that it could be done with much 
less loss of the synchronous load connected to the system (on 
account of the preponderance of two-wire short circuits compared 
with three-wire short circuits). The following year one more 
unit was added to No. 2 circuit suspension towers and two more 
to the strain towers, and this is the way it is at present. 

Altogether the number of insulators removed from the line 
due to lightning damage is small, not more than about one 
hundred per year, on the average, and the number is not on the 
increase.. 

Far more important from a maintenance point of view is the 


~ I Flashover 


” T Flashover 

Aluminum 
' Cable 
300,000 CM. 
19 Strands 


Fig. 8—Different Paths 
Taken by Lightning Flash- 
overs 
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continuous detevioTCition of the porcelain in the insulators, such 
as it was discovered a few years ago could be determined on 
insulators of the suspension type by means of taking insulation 
readings between the pin and cap (megger tests). 

The Pennsylvania Water and Power Company began investi¬ 
gations by this method in the autumn of 1913. The megger 
used was a 1000-volt instrument with a range from 10 to 2000 
megohms. The result was rather surprising. While the ma¬ 
jority of insulators, when the weather was dry enough to permit 
of any testing, naturally would read infinity, many were found 
which would read below the scale of the instrument, i. e., below 
10 megohms. When these were tested later on with a lower- 
reading megger, many of them would read even below ^ megohm 
or lower. On none of them could any external damage be seen. 
To all outside appearances they were perfectly good insulators 
and still their insulation value was gone. 

The first complete test of circuits Nos. 1 and 2 was made in 
the winter 1913-1914, after about three years of operation. 
Counting as bad every unit which would give a megger reading 
below 500 megohms, this test showed that out of about 22,400 
units, 1621 or 7.3 per cent were found to have deteriorated. 

The same line was gone over again in the autumn of 1914, about 
half a year after the first test, and showed an additional number of 
about 1020 or 4.7 per cent Which had gone bad. This indicates 
clearly how rapidly this deterioration process is going on. All 
told, four years’ operation produced 2640 bad units, or 11.7 per 
cent, an average of 2.9 per cent per year. Judging from the 
last test, it seems as though this deterioration goes on at a rapidly 
increasing rate year after year. 

Table II shows the result from both tests combined, but gives 
the figures for strain and suspension towers and for the two cir¬ 
cuits separately. It will be seen that the two circuits have prac¬ 
tically the 'same number of bad units, but the strain towers on 
both circuits show a very much larger percentage (17.1 per cent) 
of damaged units than the suspension units (7.6 per cent), indi¬ 
cating that the horizontal strain units are very much more 
exposed to this trouble than the vertical suspension units. 

A number of other tabulations have also been made up to see 
if there were any difference between insulators from the top, 
middle and bottom phases, or between the various units in a 
string. Only slight differences could be found, excepting be¬ 
tween the different insulators in a suspension string. Taking 
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only the five first insulators in the string, which have been in 
service from the beginning of operation, we find that the top 
unit, i. e,, the one nearest to the crossarm, is the one most 
subject to damage. (See Table III). 

After a number of these units were removed from the line, a 
series of tests was made in an attempt to determine the cause 
of this trouble. The tests were as follows: 

First: 230 units with megger readings from 0.01 to 500 
megohms were given a high-potential test (25 cycles). All of 
these units punctured before flash-over voltage, the puncture 
voltage varying widely, increasing in a general way, however, 


TABLE II 

NUMBER OP INSULATORS DETERIORATED ON PENNSYLVANIA WATER 
AND POWER COMPANY’S CIRCUITS NOS. 1 AND 2. 1911-1914 


Circuits 

Strain insulators 

Per cent 
damaged 

Suspension insulators 

Units 

tested 

Units below 
600 megohms 

Units 

tested 

Units below 
500 megohms 

Per cent 
damaged 

No. 1 

4,938 

866 

m 

6,723 

470 

7.0 

No. 2 

4,942 

832 


5,900 

485 

8.2 

Nos. 1 & 2 

9,880 

1,688 

n 

12,623 

955 

7.6 

1 


TABLE III 

SUSPENSION INSULATORS NOS. 1-6 DETERIORATED 1911-1914 


Unit No. 

1 

2 

3 

4 

6 

Circuits Nos. 1 and 2. 

210 

120 

142 

169 

146 



with an increased megger reading. Fig. 9 shows an attempt to 
express this relation in a curve. It will be seen that while a 
very low reading insulator will puncture at less than 20,000 
volts, an insulator giving a megger reading above 300 megohms 
has a puncture voltage close to the flash-over point. This 
puncture takes place inside through the porcelain hidden between 
the pin and the cap. By continuing the current from the testing 
transformer until the puncture heated up, it could be felt, on the 
outside of the cap, that the breakdown generally took place on 
the side and very often close to the rim of the cap. 

Second: While these tests were going on, a puncture of each 
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°r insulators occurred one dav 

p: SS 

oat), S; Tt foxing a s)rort 

k* ^ ®“ k® P™ <=^5=; no evidence of any simultaneous 

flash-over could be seen. It was a case of a clear puncture 

It was naturally thought that this was a case of deteriorate,! 
porcelain, winch could have been caught in time to prevek 



Img. 9- Relation between Megohms and Puncture Voltage of 230 
Insulators Taken from the Baltimore Transmission Line im the 
Early Part of 1914. 

failure, if only megger readings had been taken of these insulators 
sometime beforehand. To prove this, five units removed from 
the line because of low megger readings were mounted in a string 
and high voltage was built up on them, not from a testing trans¬ 
former, where the short-circuit current always is small, but from 
a 70,000-volt, 10,000-kw. transformer, with a 10,000-kw. genera¬ 
tor behind it. The current was limited to about 250 amperes 
by a resistance. 

The result of this test is shown in Fig. 11; when the voltage 
reached about 30,000 volts, the insulator punctured, and burning 
porcelain and iron was, so to speak, shot out from the side of 
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first one, then of another insulator, leaving holes of just the 
same nature as found in the insulator string punctured on the 
line. (That the bottom insulator does not show any hole but 
only a ‘^hot” spot is simply due to the fact that the current was 
taken off too early.) 

Third: While the foregoing tests conclusively prove the serious 
nature of this insulator deterioration, they do not throw much 
light on the real nature and the cause of this trouble. The fol¬ 
lowing tests were made with this object in view. 

On 24 insulators discarded from the line because of low megger 
readings, the pin, cap and cement were dissolved in a diluted 
solution of nitric and hydrochloric acid so as to give an unob¬ 
structed view of the surface of the porcelain, normally hidden by 
the pin and cap. Of these insulators: 

Seven showed clearly a tiny crack in the porcelain at the bot¬ 
tom of the head (see Fig. 12), a crack which was totally invisible 
as long as the cap covered it. 

Three insulators showed similar cracks across the head. 

Thirteen insulators did not show any cracks. 

One insulator was destroyed during the test. 

Trying with the megger on the cracked insulators, it could 
readily be shown that the low resistance was located right in 
the crack, and the most natural explanation of the reason for the 
low megger reading on these insulators would therefore seem to be 
moisture which has penetrated through the cement into this 
crack. To explain-the crack itself, it has been suggested that 
this may have been caused by high internal stresses set up by 
uneven temperatures and expansion of the various parts in the 
insulator, which would be likely to occur, for instance, if the 
insulator becomes hot in the sun and is then suddenly cooled 
by rain. A. 0. Austin has also suggested that crystalline growth 
in the cement may cause expansion of this, with consequent 
heavy stresses in the porcelain. 

None of these explanations would seem to hold good for the 
insulators where no cracks could be found. On these insulators 
it was possible, however, by means of the megger, to trace areas 
of low resistance on the outside of the insulator head. It seems 
evident, therefore, that the acid used in dissolving the pin and 
cap had penetrated the unglazed body of porcelain between the 
pin and cap in spots, thus making it more or less conductive. 
But wherever acid can penetrate porcelain, it is natural to sus¬ 
pect that plain water can do the same. It is therefore believed 
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that the failure of these insulators is due to porous material or 
lack of vitrification in the burning, which gradually has allowed 
moisture to be absorbed by the porcelain in the same way as 

moisture has penetrated through the cracks in the cracked 
insulator. 

Fourth: When it was first discovered that a large percentage 
of the low megger readings was due to cracks in the porcelain, 
it was naturally feared that these insulators had lost a great 
part of their mechanical strength. This proved, however, .not 
to be the case. Twenty-five were picked out at random and 
tested in a pulling machine until mechanical failure. The ulti¬ 
mate strength of these insulators was found to vary between 6500 
and 10,700 lb., with an average of 8100 lb., which is approximately 
the same as would be found on new, good insulators, when the 
cement had set thoroughly. Fig. 13 shows a typical break of one 
of these insulators, which does not differ in any way from the 
fracture shown by a perfectly good insulator. 

Fifth: Hot and cold water test. When bids were requested 
for insulators for the new transmission line a series of tests 
was made on insulators submitted by different manufacturers, 
particularly with a view to finding the type of insulator that 
would seem to be least subject to depreciation. Working on 
the theory that the depreciation was at least partly due to 
high internal stresses, set up by temperature changes, the in¬ 
sulators were subjected to a hot and cold water treatment as 
follows: 

Each insulator was dipped down in cold water (7 to 8.5 deg. 
cent.) and left there until thoroughly cooled (5 minutes); it 
was then taken up and within two or three seconds lowered 
into boiling water, head first. After remaining there for about 
five minutes, it was given a second temperature change by 
transferring it back into cold water, and so on. After each 
temperature change the insulator was tested with a megger 
and discarded if it gave a reading less than “infinity.” If 
an insulator endured the treatment without any change in 
resistance it received in all 10 temperature changes. Table IV 
shows the result for six different types of insulators, designated 
A to F. 

The insulators which had not been damaged by the hot and 
cold water test, so far as could be determined by the megger, 
were now subjected to high, potential, with the results as shown 
in Table V 
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TABLE IV 



Type 

Weight 
per unit 

Number of 
insulators 

No. of 
single 
temper¬ 
ature 
changes 
withstood 
by 

insulators 

Number of insulators 
that failed when 
transferred from 

tested 

failed 

cold to 
hot 

hot to 
cold 


.jmmm . j 


A 

8,5 lb. 

19 

6 

141 

3 

2 


i: 


B 

9 “ 

19 

12 

104 

5 

7 




C 

10 " 

19 

12 

88 

4 

8 


I 


D 

9.5 “ 

19 

16 

67 

1 

15 




E 

11 

6 

0 

60 






P 

11 

6 

2 

40 

2 


" 









TABLE V 


Type 

Total No. insulators 
tested 

No. units which with¬ 
stood flash-over 

Number of units 
punctured and 
puncture voltage 

A 

13 

6 (92 k.v) 

7 (43 to 91 kv.) 

B 

7 

3 (96 k.v) 

4 (50 to 95 kv.) 

C 

7 

1 (90 k.v) 

6 (27 to 87 kv.) 

D 

3 

0 

3 (38 to 70 kv.) 

E 

6 

6 (98 kv.) 


P 

4 

4 (85 kv.) 



These tabulations show that type E insulators withstood the 
tests the best, as none of them failed, while types C and D 
suffered the most, for, among 38 insulators treated, only one 
withstood the flash-over voltage afterwards. 

The insulators which had already shown up poorly on the 
megger test were also given a high-potential test. They all 
punctured at voltages varying from 18,000 to 24,000 volts. The 
megger reading before test varied from 0.4 to 9 megohms. 
The cap and pin were also dissolved on two of the damaged 
insulators of types D and F. Both showed tiny cracks at 
the bottom of the head. 

Sixth: Drying out of the insulators. Working on the other 
hand on the theory that, at least in part, this insulator trouble 
was due to absorption of moisture without accompanying 
cracks, the plan was tried of drying out some of the insulators 
removed from the line, under high vacuum and at tempera¬ 
tures varying from 50 to 90 deg. cent. A primitive air-tight 
tank which could contain 12 insulators at a time in a row was 
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installed, equipped with electrical heaters and connected to a 
vacuum pump, which would maintain a vacuum of about 27 in. 

Altogether, three batches of a dozen insulators were dried 
out with this equipment. The drying out lasted from 10 to 
20 days and megger readings were taken every few days. A 
graphic thermometer gave a continuous record of the tempera¬ 
ture of the cap of one of the insulators. 

The following observations were made: 

A. After only a few hours’ treatment, the insulation resist¬ 
ance decreases materially, probably because water is a better 
conductor when hot than when cold.* After 24 hours’ treat¬ 
ment a material increase is, however, always found, and this 
continues steadily until many of them reach the infinity mark, 
even when hot. All of them, without exception, will record 
infinity, when tested cold after two days’ treatment. 

After drying out, the insulators were given a high-potential 
test with 25 cycles. 

B. The result was that out of a total of 37 insulators tested, 
12 withstood a heavy flash-over test for win. The rest of 
them punctured at voltages varying from 30,000 to 90,000 
volts. As the megger readings on some of the insulators that 
withstood the flash-over were as low as 1 to 2 megohms before 
drying out, there cannot be any doubt but that they would have 
punctured at low voltages if they had not been treated. 

C. The insulators which dried out the quickest punctured 
at the lowest voltages. These presumably were the cracked 
insulators. On the other hand, the insulators that withstood 
the high voltage generally increased very slowly in insulation. 
These perhaps were insulators which would not have shewn 
cracks under the cap. 

D. Four of the successfully dried out insulators have since 
that time, i.e., for four months, been exposed to the weather, 
hanging in a vertical position. They still read infinity. It is 
believed that if means could be found to prevent moisture 
from re-entering such insulators, it would be perfectly safe to 
put them out on the line again. 

It has often been suggested that the deterioration of insula¬ 
tors was due to electrical causes, such as switching, surges, 
arcing ground, high-frequency discharges, etc. As an indica¬ 
tion that this is not the case, an insulator record from a 70,000- 

*Por a more scientific explanation of this phenomenon, see a very 
interesting article on “The Characteristics of Insulation Resistance,” 
by S. Evershed in the Journal of the /. E. E., Vol. 52, No. 224. 
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volt transmission line between Holtwood and Lancaster, 13 
miles long, may be of interest. This line was built in the 
summer of 1913. It consists of two identical circuits on the 
same tower line. While the two circuits were built at the same 
time, it has been customary to use only one of them, while the 
other one was kept as a spare. Both lines were gone over with 
a megger in the winter of 1914. At the end of the test one of 
the circuits had been under voltage 481 days, the other one 
only 91 days. Still they showed very nearly the same per¬ 
centage of damaged units, i.e., 8.9 per cent against 8 per cent. 

It seems therefore clear that the influence of the voltage on 
the line in this respect is very small, if any. - 

On the whole, the insulator record given above, and the 
experiments made, all tend to show that the deterioration of 
the type of insulator in question is not due to electrical but 
rather to mechanical and ceramic causes. 

Sleet. On the operating record, Table I, we find “sleet” 
next on the list. 

It is now well understood that the most common cause of 
sleet trouble is the fact that when, with the arrival of milder 
weather, the sleet starts falling off the wires, it will often fall 
off one full span or several spans at one time but still remain 
on other spans. Such conditions result in unequal loading and 
therefore also extremely unequal sag for the different spans. 
If the wires of different phases, therefore, as on circuits Nos. 
1 and 2, are in the same vertical plane, they are liable to come 
in touch with each other and produce short circuits. The few 
disturbances recorded as caused by sleet on the Baltimore 
transmission line have all been of this nature. 

In building the new line to Baltimore it has been attempted 
to prevent or minimize this trouble by having the middle 

crossarm extend farther out (about 2 to 3 ft.) than the top 

and bottom one; a larger number of strain towers has also 
been used, so as to avoid having more than five suspension 
spans between two dead-end towers. It may be of interest 

to note that during a recent sleet storm where both the old 

circuits, Nos. 1 and 2, were short-circuited, due to sleet, the 
new one, No. 6, stood up without a single short circuit. 

There is, however, another method of preventing sleet trouble, 
which the Pennsylvania Water and Power Company lately 
has adopted. The principle of this method is simply to keep 
the transmission lines so hot that no sleet whatever can be 
formed on them. The heat is produced by circulating electric 
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current through the wires. Test and experience show that for 
a 300,000-cir. mil aluminum cable, about 250 to 300 amperes 
is enough to keep the sleet from sticking to the cables; often 
even less current will do it. On the other hand, if ice already 
deposited on the wires is to be melted off, considerably more 
current is necessary. The present arrangement, when a sleet 
storm is reported and the load is at its lightest, is to leave only 
one circuit in service, which carries all the load (No. 6), while 
the two others are connected in series, short-circuited at one 
end and current is sent through them from two generators and 
two transformers. 

If the load is heavier, all three circuits will be put in service, 
and if the current is not judged to be sufficient to prevent sleet, 
an arrangement is adopted by means of which wattless current 
is brought to circulate over the wires while they at the same 
time carry the load, This purpose is gained by dividing the 
generators at the power house into three groups, each of which 
through its respective transformers is connected with one trans¬ 
mission circuit. The three circuits are paralleled at the sub¬ 
station end. The field is now kept open on the ' generators 
for one of these groups, while the others are over-excited. Con¬ 
sequently the generators with the open field will draw their 
excitation from the a-c. side, but this current will first have to 
pass the transmission line. An increase of from 40 to 200 per 
cent in total current for the three lines, depending on the load 
conditions, can be secured this way. A limit is set by the cur¬ 
rent-carrying capacity of the station equipment. 

Buzzards. Fourth on the list of disturbances we find the 
heading “ birds on line.” The birds troubling this line are- 
turkey buzzards. These birds often choose the towers as a 
resting place and. here they are liable to ground the line to the 
tower through their own bodies. There is especial danger if 
they sit on the crossarm right below the live wire, particularly 
in the case of the suspension towers of circuits Nos. 1 and 2, 
where two extra units have been added; the clearance here is 
so small (only 24 in.) that even a small buzzard, the moment 
it starts to fly away, easily will reach the line overhead with 
the tip of its wing, while it still touches the tower with its feet. A 
buzzard grounded in this way is always ]dlled and will generally 
drop down to the foot of the tower where it afterwards can be 
found. Fig. 14 shows a good-sized sample. (Toe to beak 
22| in., tip to tip of wings 65 in., tip of wing to toe 34 in.). 
Often they will fall down without even causing a voltage dis- 
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turbance, but frequently they will give rise to an arcing ground, 
which may even develop into a two-wire short circuit. 

On the new line (circuits Nos. 5 and 6) the minimum clear¬ 
ance from wire to ground is 47 in., so it is hoped that this line 
will prove “ buzzard-proof.” 

Wires Blowing Together. The one voltage disturbance re¬ 
corded as being due to this cause, represents a case where the 
ground wire swung into one of the power cables at a place, on 
a special tower, where the clearance distance was abnormally 
small. It is therefore of no special interest. 

Protective Devices 

Let us review the transmission line troubles: 

They were caused by: 

1. Lightning. 

2. Defective insulators. 

3. Sleet. 

4. Buzzards. 

5. Wires blowing together. 

It has been described how the company has tried to main¬ 
tain and improve its lines and operating methods so as to avoid, 
as far as possible, trouble from the above causes. In order to 
maintain continuous operation, also, when grounds or short 
circuits, due to any of the above causes, occur on the line, 
several different protective devices have been adopted, which 
are briefly described below: 

1. Interlocking Line Relay. Trouble from defective insula¬ 
tors, sleet, buzzards, and the wind swinging the wires together, 
generally, if they give any trouble whatsoever, result in grounds 
or short circuits that- persist on the system until the voltage 
is taken off the faulty line; sometimes it may even result in 
a permanent fault, that does not permit restoration of voltage 
until repairs are made. The natural method to safe-guard 
operation against such troubles is therefore to cut the damaged 
line out, and the earlier the better. This means, as a general 
scheme, automatic operation of switches. 

The system in use is illustrated in Fig. 16. It consists simply 
of overload relays at the power house connected in series with 
the line current transformers and also one relay in the ground 
connection for the neutral of each transformer bank. At the 
substation, reverse-current relays take the place of the over¬ 
load relays at the pow>-er house. All these relays are them- 
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selves made as instantaneous in their action as possible, but 
they do not act directly on the trip circuit of their respective 
oil switches, but are used in connection with definite time 
limit relays set for various time elements (f to 3 seconds) so 
that a momentary short circuit will not produce action. To 
prevent all three lines from going out by relay action, in case 
there should be a short circuit on all the lines at the same time, 


the trip circuits are interlocked. 

This system has, with various minor changes, been used since 
the starting of the plant. It has not always been entirely 
successful. Difficulties were especially encountered in giving 
the various relays a suitable current and time setting, and due 
to the complication in wiring introduced, since low-tension 
automatic switching was adopted. Since June, 1914, when 

various changes were made, 

.Feedors . ... 

Sub- especially on the reverse-cur- 

hr 4- inJ rent relays, so that they wmuld 
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Pig. 16 Simplified Diagram of game interlocking relay ar- 

Transmission System, Showing , . , re ■ + 
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Location of Line Relays ^ . _ 


T ^ ^ ’ rangement is not sufficient as 

Location of Line Relays ^ . . 

lightning protection. Ihe 

reason is the simple fact that lightning flash-overs very often will 
occur on both circuits Nos. 1 and 2 at the same time. (It still re¬ 
mains to be seen whether they will occur on all three circuits at 
the same time.) When, both circuits are in trouble at the same 
time, the clearing of both means, of course, a total interruption. 

Even during the first year’s lightning season it was noticed 
that though the lightning short circuits were so severe that it 
was necessary to clear the circuits, the insulators and cables 
were never so badly damaged that it was impossible to come 
right back with the voltage, right after the interruption. This 
indicated clearly that if only some means could be found to 
extinguish the power arcs, an interruption might be avoided. 

The first scheme tried with this end in view was based on 
the idea of clearing one line completely, by means of the high- 
tension oil switches at both ends, while the other one, even 
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if ill trouble, was supposed to maintain some kind of synchron¬ 
ism with the customers’ load; then immediately, i.e., as fast 
as the oil switches could do it, the first circuit would be put 
right back again and the second line cleared, etc. The system 
was actuated by overload relays at Holtwood and their action 
was transmitted by means of overhead wires to other relays 
at the substation, so as to get synchronous action of the oil 
switches. This system proved a failure mainly because it w^'as 
found that certain atmospheric conditions of no danger to the 
high-tension transmission lines, would produce dischaiges 
through the overload relay wires and thus unnecessarily actuate 
the relays at the substation and trip the oil switches. The 
system was therefore soon discarded. 

The next system adopted, which is still in use, was the arc 
extinguisher arrangement invented and designed by Mr. L. 
C. Nicholson, Buffalo, N. Y. The principle of this arrange¬ 
ment is to shunt any arc that arises on the line with a fuse 
wire, so that the current, as long as the fuse lasts, will prefer 
this path to the arc. The fuse is calibrated to blow in from 
5 to 10 cycles (25-cycle system) and this short time, experience 
has proved, is enough to extinguish the arc on the line, there¬ 
fore as soon as the fuse blows, the line will be clear again. ^ The 
fuse wires are connected across the proper wires automatically 
by means of specially designed magnetic relays and switches. 
The whole arrangement is placed right outside the power house. 
The design of the equipment is such that seldom more than 
one cycle will pass from the time the lightning arc is established 
until the switch is closed. It is in this speed that the apparatus 
has its greatest advantage, since it allows the arc on the line so 
very little time to spread and do damage. 

An important point for suecessful operation is to have the 
fuses timed correctly. If this time is too short the arc may 
be re-established, and if too long, it is very difficult for the 
synchronous load to remain in synchronism. The size of the 
fuse to use was originally determined by test. As a check 
against values found this way, cycle recorders are also instahed 
between the fuse banks, so that an actual record of the time 
it takes a fuse to blow, during a lightning storm, always can be 
found afterwards. 

Figs. 20a and 20b are two oscillograms which illustrate the 
action the short-circuiting of the lines with such fuses has on 
the system. One oscillograph was mounted at the power house 
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Fig. 18 —Nicholson Rotary Fuse Bank. 
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Fig. 19=—General Arrangement of Nicholson Arc Extin¬ 
guisher Showing Structure for Location of Relays and in 
THE Background a Set of Rotary Fuse Banks 
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PiQ^ 21 —Relay Motor and Revolving Drum for Ricketts Field 
—Destroying and Restoring Device 
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and one at the substation. On both oscillograms the two 
outer curves represent the low-tension bus voltage, while the 
middle wave represents the high-tension line current. The 
short circuit was a three-phase one made with No. 16 B. and S 
copper wire. Two generators of 10,000 kw. capacity were feed¬ 
ing a synchronous load of seven 1000-kw. synchronous con- 
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Pig. 20a—Three-Phase Fuse Short Circuit on Transmission Line 

The middle wave represents the high-tension current, the others the low-tension bus 

voltage at the power house. 

verters over one line. It will be seen that the fuse blew in 
5^' cyol-GS 

As the relays work on the principle of overload, the fuses 
are now only put in service when a lightning storm is reported. 
Otherwise it can not be prevented that fuses unnecessanly 
will blow and thus introduce undesirable complications w'hen 


hwmm 

mmm 


WMaaaaaam 




HUil 


r\ A A Ai 


Fig 20b—Same as Fig. 20a 
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synchronous converters of the connected load are separately 
excited or by other means prevented from reversing polarity. 
By keeping the voltage on the line all the time it makes it also 
possible to restore lost load more quickly than otherwise would 
be the case. In 1913 and 1914 it cleared the line successfully 
a total number of 25 times out of 40 times the lightning hit the 
line. Wherever it has failed it has generally been possible to 
trace the cause to using a fuse of the wrong size. 

Another lightning protective device in use which also has 
as its purpose, not to prevent lightning flash-overs, but to 
minimize their consequences by extinguishing the arcs, is the 
so-called field destroying and restoring device invented by Mr. 
F. E. Ricketts, of Baltimore. 

The principle of this device is simply that whenever a short 
circuit occurs on the line, the field of all the generators will 
for a moment be destroyed, so as to allow the arc on the line 
to be extinguished on account of lack of voltage, and then 
immediately after be built up again so as to force the synchron¬ 
ous load into step again before the synchronous converters, 
frequency changers, etc., have come to a stop. The necessary 
switching for operating this device is naturally done automati¬ 
cally. 

The actuating relays are in this case either an overload relay 
(of the ordinary plunger type) in the generator circuit, or the 
above-mentioned relays in the neutrals of each transformer- 
group. Both of these relays act as instantaneously as relays 
of their type will permit, but in order to give the Nicholson 
arc extinguisher and the interlocking relay arrangement the 
first chance to clear the trouble, they are used in connection 
with a definite time element, at present set for four seconds. 
When these four seconds are up, a clutch for a small motor, 
which is running continually, will be thrown in contact and 
start a drum rotating. On this drum contacts are arranged 
so that as soon as it starts all the ordinary field circuit breakers 
(one for each generator,) will be opened simultaneously, at the 
same time short-circuiting the field windings across their re¬ 
spective discharge resistances, thus allowing the field gradually 
to die out and the line voltage to be reduced correspondingly. 
Meanwhile the drum continues to revolve and will, after a 
predetermined time (originally 5 sec., now 1| sec.), close other 
contacts which have the effect of slamming all the circuit break¬ 
ers in again. Immediately the fields and line voltage start to 
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build up again. After some surging between the generators 
themselves individually and the generator and synchronous 
load, the voltage will again be normal, generally after about 
one minute. The drum continues to rotate until it has made 
one complete revolution, after which time it is disengaged from 
the motor and the whole equipment ready for another operation. 

The record for this device shows for 1913 and 1914 a total 
number of 12 successful lightning operations and 4 failures. 

Comparing this device with the Nicholson arc extinguisher, 
it must be said that the fuse arrangement has been given pre¬ 
ference and first chance for acting, mainly on account of its 
quickness of action, which saves the line from too severe damage, 
and also on account of the excellent results it has produced in 
case of the lesser lightning disturbances like grounds and two- 
wire short circuits. 

The field-destroying device treats all lightning disturbances 
as equally severe and produces the same disturbance on prac¬ 
tically all of them, but seems, on the other hand, to have the 
great advantage of extinguishing the arcs with more certainty. 

Difficulties with this device can mainly be. traced back to 
the waterwheel governors. It is especially difficult when the 
synchronizing power between the generators themselves for a 
moment is lost with the field, to prevent a generator whose prime 
mover is on hand control {i.6., has a steady gate opening), 
from speeding up beyond the others. Much improvement in 
this respect has, however, been gained by decreasing the time 
the field was left off from 5 seconds to 1| seconds. 

Conclusion 

It has been shown that while lightning still gives rise to a 
number of disturbances, these have been very materially re¬ 
duced both in number and in severity, year for year, by the use 
of special protective devices. As to sleet, special operating 
methods have been adopted during such storms, which it is 
believed will prevent trouble from this cause. The approach¬ 
ing danger from deterioration of the insulators has been dis¬ 
covered at an early stage, and rigid and repeated elimination 
tests of bad insulators, with megger, have been adopted as part 
of the routine maintenance, so that it is felt that operation will 
|-[g.ve but little to fear from this source. 
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Discussion on “ Foundations for Transmission Line Towers 
AND Tower Erection” (Walls, Leeper, Mitchell, Down¬ 
ing, Connery), and “Four Years’ Operating Experience 
on a High-Tension Transmission Line ” (Bang), Deer 
Park, Md., June 29, 1915. 

R. J. McClelland: As a large part of the transmission line 
tower failures in the past have been due to weakness inthefounda- 
tions or footings, rather than in the towers themselves, the topic 
under discussion is a pertinent one. Lack of complete informa¬ 
tion on the behavior of tower foundations in different soils has 
doubtless been largely responsible for such unsuitable designs 
and methods as have been employed, and transmission line 
engineers have come to an appreciation of the need of thorough 
acquaintance with the soil conditions with which they have to 
deal in any given case. This has led to making not only test 
pits along the route, but to conducting tests on sample founda¬ 
tions in place at different points. 

It may be of interest to show some results of tests which were 
carried out for this purpose in designing the tower foundations 
for the 130 kv. line between Grace, Idaho, and Salt Lake City, 
which was built in 1913 for the Utah Power & Light Company. 
Various locations fairly representing the different soils were 
chosen, and steel and concrete foundations of different proposed 
types were set and tested for their holding power against vertical 
uplift, the movement under varying loads being recorded. 

Figs. 1 and 2 will serve to illustrate the results secured from 
individual tests, while Fig. 3 gives a summary of the series of. 
tests. 

It is unfortunate that the available time did not allow a similar 
series of tests, for comparison, to be made upon duplicate 
foundations after allowing settlement of the backfill for several 
months or a year. As it is known that the holding power very 
materially increases during, at least, the first several months, 
the results obtained were regarded as a conservative representa¬ 
tion of the ultimate conditions, and therefore safe as a guide 
in design. 

One of the points brought out was that the upward movement 
of the foundations would, as a rule, become appreciable with a 
pull of approximately 2000 lb. per sq. ft. for backfilling which 
had stood 20 days. It was further noted that the uplift under 
these conditions would generally vary from ^ in. to 1 inch 
by the time the pull was equal to only one half of the weight of 
the 30 deg. earth cone which is ordinarily used to calculate the 
holding power of footings. The above, which tends to show 
that the bearing pressure of the upper surface of the grillage 
against the earth has considerable influence, especially beyond 
a depth of 3 or 4 feet, would indicate that attention should be 
given to providing sufficient area to keep the unit pressure at 
a moderate value. In these tests the bearing pressure, 
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after continual movement had begun, varied from 1000 lb. 
per sq. ft. for freshly tamped wet backfills up to 4 and 5 tons 
for dry clay and gravel after having stood 20 days. 

Test No. 2 shown in Fig. 3, exhibiting a very low value for 
uplift, was made in the old exposed bed of Great Salt Lake, 
whpe the soil was very wet and consisted of stratified clays 
which came out in lumps when excavated. During the tamping, 



Te.st made in Milliken open hearth building—reported May 13, 1913, by E. E. Moore— 
backfill carefully tamped—test made 20 hr. after hole was refilled. 


Results of Test. 


Pounds Pull 

Ft. Uplift 

8,400 

0.031 

12,000 

0.073 

14,000 

0.083 

16,000 

0.109 

18,000 

0,135 

20,000 

0.167 

22,000 

0.188 

24,000 

0.224 

26,000 

0.255 

28,000 

0.302 Ground began 

30,000 

0.417 breaking and upheaving 

31,000 

0 521 


Further increase in load produced steady movement of anchor. 

Wt. of cone of earth (sides 30 deg. to vertical) = 33,250 lb. 

Earth pressure at 28,000 lb. load = 8800 lb. per sq. ft. 

Grace I'crminal transmission tower footing test—2 channel stub—earth fill. 


the backfill became much of the consistency of putty because 
of the inability to keep the hole clear of water. The test made 
after two days showed that the footing would steadily pull up 
with force of less than 1000 lb. sq. ft. without any movement 
.whatever of the ground smdace. 

Specific instances of footings displaced by not unduly heavy 
wind pressure upon towers and. conductors within a short time 
after erection are not particularly rare, but after thorough settle- 
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Fig. 2 

Test was made July 8, 1913, at Terminal Substation site. 

Reported July 12, 1913, by J. C. Damon. 

The water was dipped from hole ‘‘ B ”, stub placed and concrete poured in to a depth of 
1 ft. 9 in. A 15 in. square prism of concrete was placed around main angle to level of ground 
surface. The water was again removed and backfill placed and tamped—rapid inflow, 
however, produced a very wet backfill 

Test was made 11 days after backfill was placed. 

Results of Test. 

Wt. of earth cone and concrete (sides 30 deg. to vertical) = 78,400 lbs. 

Earth pressure at 38,000 lb. load = 1,900 lb. per sq. ft. 

Curve A shows the results of the first test: at 38,000 lb. load the stub continued to rise 
as if coming through viscous material; load was removed and stub allowed to stand a few 
moments, during which time it settled back to within 0.08 ft. of its position at the start. 

Curve B shows the continuation of the test—at 31,000 lb. pull the stub reached its pre¬ 
vious uplift of 0.14 ft., and at 35.500 lb. pull the stub yielded so that no further force could 
be developed. 

The ground cracked only slightly at the surface. 



Fig. 3—Curves Showing Relation between U plift and Applied Pull 


Curve 

No. 

Time 

Elapsing 

Type of Stub 

Backfill 

1 

1 day 

2 channel A in earth 

Dry, well tamped 

2 

2 days 

2 « A. “ “ 

Wet and soft 

3 

2 days 

2 “ A “ “ 

Dry, well tamped 

4 

1 day 

2 “ A “ “ 

Dry, rocks tamped in h ole 2a ft 

5 

1 hr. 

2 “ A “ “ 

Dry, rocks tamped in hole 

(5 

1 hr. 

3 “ A “ " 

Dry, no rocks used 

7 

11 days 

B stub in concrete 

Wet and soft clay 

8 

20 days 

It t( it 

Wet and soft quick-sand. 

9 

20 days 

2 channel A in concrete 

Wet and soft quick-sand. 

10 

27 days 

3 “ A “ “ 

Dry, well tamped 
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ment the same footings have shown no movement whatever, 
even during the most severe wind storms. One such example 
is a case in Texas where a steel tower transmission line was erected 
during the, early summer months when the soil was in a hard dry 
condition. The backfilling was carefully done, but when the 
fall rains came on, the hard lumps of earth softened ujo to such 
an extent as to flow around the grillage, allowing five of the towers 
to overturn during a wind storm. The backfilling did not 
become entirely firm for at least a year. 

A. S. Me Allister : After discussing different possible causes 
for deterioration in insulation and eleminating them one by one, 
Mr. Bang concludes that mechanical vibrations and defects are 
the main causes of trouble. Recently certain Japanese porcelain 
manufacturers tested insulators^ on the line simultaneously with 
insulators that had been kept in a storehouse during the time 
the others were in service on the line, and they found the de¬ 
terioration in the one group of insulators to be practically the 
same as that in the other. Thus there is eliminated another 
cause, namely, the mechanical vibration of the line, which would 
not affect the insulators in storage. 

The Japanese engineers have attempted to overcome the 
difficulty by using between the two parts of each insulator a 
very thin sheet of cement placed in at least three independent 
sections not in contact with each other, so that in expanding and 
contracting with _changes in the temperature, the cement will 
be expanded longitudinally and be subjected to moderate trans¬ 
verse strains. During the several months in which the insulators 
have been in operation they have shown no deterioration. 

E. E. F. Creighton: Mr. Bang’s drying-out tests, I think, are 
extremely clever in the deduction he draws from them. He 
takes a number of insulators and dries them out and measures 
veiy caiefully and systematically the increase in resistance 
from day to day, and he draws the conclusion that those that 
dry out fiist are the ones most badly cracked, which is quite 
evident when you think that the ones badly cracked will have 
the moisture in them from the cement, and those that have not 
yet cracked but are simply porous will be longer in having the 
moisture cooked out of them. In every case I think we can say 
that the moisture comes from the wet cement which is in the 
insulator and has never been dried out, and once the cement 
has been thoroughly dried out it takes up moisture again very 
slowly. 

There was one place where he compared the loss of insulators 
in service and insulators left out of service, and he gives the two 
figures, 8.9 per cent for those in service, and 8 per cent for those 
that were lost while out of service. It must be confessed we 
cannot draw certain conclusions from, these figures, but so far 
as the figures go they show that those that were in service had 
about 10 per cent greater loss than those out of service. If that 
is true, I think it substantiates the opinion of a good many of 
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US that operation does deteriorate an insulator to a cer¬ 
tain extent. There is one point in regard to that which 
I want to take up. The service was not hard on the 
insulator due to potential, since the potential per disk is 
rather low. Mr. Bang in one place mentions the fact that the 
deterioration of insulators is attributable to electrical causes, 
such as switching, surges, arcing ground, high-frequency dis¬ 
charges, etc. I have myself championed the high-frequency 
theory, having first, however, shown from all the figures that have 
been given that the mechanical troubles are the predominant 
ones. Mr. Gaby,in Canada, and more recently, Mr. Julian Smith, 
have given some figures, where they have taken many thousands 
of these disks down and examined them and the evidence is 
entirely concordant. The porcelain and iron have a different 
coefficient of expansion, the expansion of the iron being twice 
as great, and that difference in expansion is sufficient to cause 
heavy mechanical strains, whether the insulators are in the sta¬ 
tions or out on the line. Out on the line, of course, the strains 
will be probably greater, because the temperature changes are 
greater. If we set aside all these, the majority that are cracked 
or damaged mechanically, there is still left a certain percentage 
which is damaged electrically or are poor electrically. 

If we ask ourselves this question: Why is it that 90 per cent 
of the insulators do not crack mechanically?—we will reach 
the first conclusion, that perhaps there is something in the 
ceramic side. Having gone through a great many electrical 
tests, I have concluded that the problem at the bottorn is 
mainly ceramic. I have made a study on the ceramic side, 
in the matter of the compositions, and I can confirm some 
of the conclusions that Mr. Bang has drawn from his tests 
of soft spots or porous spots in the insulators. Porcelain is 
made up of three ingredients, clay, flint and feldspar—the feld¬ 
spar acting as the flux. This material is ground up very fine, 
mixed in a big vat with water, and then subsequently the water 
is taken out by passing it through a filter press. In getting the 
water out these particles are segregated. A little more feld¬ 
spar deposits in one spot, or there is a little more flint in one 
spot than in another. After this segregation has taken place, 
the manufacturer of porcelain attempts to get it all mixed 
up again by passing it as soft mud through a pug mill 
which also presses the air out of it. This mixes up the 
material again, more or less, but it never is thoroughly mixed. 
These spots in the porcelain are due to the fact that there is a 
lack of flux at that point. It is easy enough to duplicate 
these conditions by purposely putting in at different parts 
a little less than the proper amount of feldspar. Although 
in our experiments the firing was carried to one cone higher 
than the highest cone ordinarily used in porcelain work, the 
material remained quite porous and wordd absorb moisture. . 
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lo Mr. Nicholson’s short-circuit suppressor—I have 
j-^ same line, but have worked with slightly 

different methods of closing the circuit. The principle of the 
short-circuit suppressor is to throw the fuse across the circuit 
jI'P Nl®' accidental arc that takes place out on the 

e. The fuse across the circuit reduces the voltage to zero 
e arc goep out and subsequently the fuse blows. It is readily 
seen that the greatest importance must be placed on getting 

TZ u coMd be put out durini 

fici half-cycle in which it started there would be very little 
flame. If the arc is allowed to play for two or three cycles the 
ai c flame increases more and more in size, and it takes that 
much longer to extinguish it. So far, efforts have been along 
the line of throwing the fuse into the service in the same halff 

^ble to do 

this by automatic means. 

_E._A. Lof: Mr. Bang’s paper brings to my mind a large trans¬ 
mission system with a similar operating voltage of 70,000 which 

wn^l Sweden. A_large amount of research 

ork has been undertaken to determine the proper type and 

of interes^ comparison of the two plants may be 

The old line of the Pennsylvania Water and Power Companv 
was equipped with five-unit insulators, this having been increased 
to seven-unit for the new line, the units of each string being iden- 
^^wedish line, six-unit insulators were selected, 
but the units in each string are not identical, but graded 

it IS well known that the potential is not evenly distributed 
along an insulator string of similar unit, but that the unit nearest 
the conductor is exposed to nearly three times the voltage across 
the unit nearest the crossarm or ground. For practical and 
economical reasons it was, however, not found advisable to make 
,. of the insulator string of different capacity, and only 

three different kinds of units were used. y 

_ The potential distribution of both an ungraded and graded 
insulator string is given in the following table, the units being 
counted from the top. ^ 

^tential in Per Cent of Total Voltage 
U^dt Ungraded Graded 


1 he outside diameters of all the units were maintained the 
same for practical reasons,_ and the different capacities were 
olDtained liy varying the thickness of the material. This is 18, 
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21 and 25 mm. respectively, corresponding to capacities of 49, 
38 and 28 microfarads. 

By providing a metal shield under the bottom unit it was 
possible to equalize still further the potential gradient along 
the string. 

Before cementing the caps and bolts, both the inside and 
outside surfaces of the insulator head were coated with a layer 
of graphite and waterglass, and these conducting layers were 
connected to the cap and bolt respectively by means of tinfoil- 
covered asbestos washers as shown in Fig. 4. In this manner 
the cement is short-circuited and the charging current prevented 
from going through the same, and the danger of any electro¬ 
lytic action caused by ionization of air pockets in the cement 
is thus eliminated. 



o 

Pig. 4 


E. E. F. Creighton: There is one point that is rather 
important from an engineering, and also from a practical 
standpoint. What is the solution of this problem and 'when 
are we to reach it? The present disk insulator has been put 
out in great numbers. It has taken more than a year for these 
troubles to show up. When we get a solution of this problem 
it will be at least a year before we know it. So far there has 
be'en about 10 per cent loss on this one line, and we do not want 
that to go any further. I recall a number of years ago that 
Messrs. Hewlett and Buck presented a paper on insulators not 
cemented in this way and in which there could be no strains from 
unequal expansion of the parts and the porcelain. Although 
that insulator has great difficulties in the way of manufacture, 
it may yet be called on as a solution of this particular problem. 

L. C. Nicholson: I am glad to relate some experiences with 
suspension insulators in connection with temperature effects. 
A line containing 40,000 units which has been in service twelve 
months, was recently gone over with a megger and all the in¬ 
sulator units tested, and we. found, as nearly everybody else 
finds, about 2.5 per Cent of the units showed zero resistance. 
This represents the deterioration in the first twelve months. 
The line is new and therefore we have no further data. Looking 
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into those which proved to be def^oti-ira j 

90 per cent o£ the faiW we duJ to Xr f ‘'’^‘.P™bably 

in the porcelain at the base of the can in a cracks 

to the pin. which indicates that break I™ Perpendrcular 
pressure of the nan on 1 • break is on account of 

tempeStl effects " on account of 

Since such a large percentage of failures were characterized 
in that way. It appeared to us that some steps should be taken 
to relieve this pressure Some fruit-jar rubber bands or equiva- 
lent were put on some of the new ones around the base of th^ cap 
and we also made some experiments in painting certain sections 
of the pm to prevent compression caused by unequal expansion 
m metal and porcelain. We do not know that either of these 
changes will do any good, but in view of this serious defect in 
suspension type insulators we are ready to try almost anvthinc/ 
suggested. - 

Looldng at the table of Mr. Bang's paper, the one referring 
to the partial interruptions and total interruptions, in 1911 
the total interruptions were twenty-three, in 1912 these w'ere 
decreased to three. I think the paper states that the various 
devices which were put in to correct the flash-over troubles were 
installed in 1913 and 1914. However, they were in partly durin" 
1912, which accounts for the reduction from all total inter^ 
luptionsin 1911 to nearly all being partial interruptions in 1912. 

■ J. B. Leeper: In Mr.' Downing’s paper, he says: ‘‘ Subsequent 
experience has shown that the average tower is of too compli¬ 
cated structure to accurately calculate the stresses in the dif¬ 
ferent members, and it is now generally conceded that the best 
and only safe way to get reliable information as to the stability 
of a tower is to subject it to actual test.” That is largely so, 
due to the shape of the tower. The statement is not correct 
that we cannot make a frame structure in which the stresses 
can be figured. If the towers are properly shaped, the stresses 
can be figured from the assumed loads, but if we do not properly 
shape them, then the statement is correct. 

Ralph Bennett (by letter): The 'design of the towers for a 
transmission line must be based on the ordinary principles of 
framed structures.. All stresses received above the foundation 
line pass down to the foundation through some form of a truss. 

The uniform loading of the members in a truss depends on 
the relative stiffness (rigidity) of the members and on the type 
of connection used. 

If a tower is framed of a double set of members working in 
multiple, part of them in tension and part in compression, the 
connections must he entirely without play or the two sets of 
members will load unequally. Any slippage or movement at 
the panel looints will permit some members to relieve themselves 
and overload others. 

Most such towers are erected with single bolted field joints at 
every intersection, To develop full calculated tower strength 
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all of these joints must be drawn up so tight that they hold by 
side friction. If improperly assembled or strained in erection 
or if erected on an uneven foundation the added stresses so pro¬ 
duced must remain in the structure. 

■ The calculation of towers and the shop tests on assembled 
towers are based on the assumption that the tower stands on 
and is rigidly fastened to an unyielding base. This is a purely 
theoretical assumption and in order to render it tenable many 
lines of towers have been erected on massive blocks of concrete 
where all the. legitimate stresses could have been handled with 
a better factor of safety by simpler towers standing on properly 
designed anchor plate footings. 

If the tower structure itself is a rigid unit down to the top of 
the foundation members, there will be transmitted into, them 
but a simple uplift and down thrust with a relatively slight 
horizontal component. 

But if the open scissors type of bottom leg is used there is 
added the strain which the bottom tie should carry. This may 
become many thousands of foot-pounds and as the soft earth 
yields it becomes cumulative. 

Figs. 5 and 6 show a typical failure of this class of tower when 
erected on earth footplates. Eleven miles of this line fell in a single 
storm. The original cost of the towers would have been less 
if a stable type of structure had been selected. The line was put 
on concrete bases, generally reinforced at numerous points and 
has given but''little further trouble. 

With a closed truss tower transmitting all stresses through 
adjustable tension diagonals the tower structure is complete 
in itself. It can be adjusted after erection to eliminate any 
internal stresses due to erection, unequal footings, etc. 

The tower can be-“kicked” in place, adjusted and left as a 
symmetrical structure which can be readjusted at any time for 
change of conditions. Figs. 7 and 8. 

In this class of structure the members are few and relatively 
heavy. The proportion of exposed surface to area is low. So 
the weight of protective coating to the weight of members will 
be low. As the members will be stiff and immovable after 
erection the damage to the coating due to handling and load 
movements will be slight and the life of the tower long. 

The simple members and plain fabrication as well as the small 
cost of galvanizing all tend to make the price per pound very low. 

That the tower can safely be erected on earth plates is an 
additional reason for the low cost of transmission line on 
tension rod towers. 

This class of structure is increased or decreased in height by 
the number of panels erected. This is readily adjusted and 
results in a saving in moderately rough country of 15 per cent 
in the average height of tower required. 

The general design of earth plate footing is very simide with 
a properly framed tower. 
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[BENNETT] 

Fig. 5—Failure of Scissors Type of Tower—11 Miles of This 
Line Fell in One Storm—Compression Failure 



[bennett] 

Fig. 6—Failure of Scissors Type Tower—Initi.al Failure Due 
TO Too Small Footing Plates and Improper Leg Design 



[bennett] 


Fig. 7—Typical Mountain Transmission Line—20 Percent Less 
Average Height Obtained by Graded Height of Towers 
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A. I. E. E. 
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[bennett] 


Fig. 8—Tension Rod Tower Line— 60-ft. Towers 600-ft. Spans— 
First Corner is Standard Weight Guyed for Sharp Corner— 
Earth Footings 
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For the compression- loading it is necessary that the plate 
be of sufficient size and properly bedded. The uplift condition 
always calls for a larger plate and the bedding is a matter of 
proper care. 

For the uplift the plate if narrow will, in a large hole, permit 
the back fill to flow around it without developing any considerable 
fraction of the uplift calculated on the basis of an inverted cone. 

Even if installed as a large plate in a narrow but wide-topped 
hole the weight of the earth actualh'- lifted by the plate during 
the first few years will not much exceed the width of the hole. 

But if the plate can be installed in a narrow hole with a chocked 
top the uplift will come partly against the undisturbed, earth 
and part of the calculated weight will be available. 

In all earth footing the resistance to uplift may be said to Vje 
successfully developed if the hole is very deep for its width and 
the plate is in addition caught under the undisturbed soil. 

The Kern River line of the S. Cal. Edison Co., designed and 
built by the writer over 10 years ago, embodied tension rod 
towers on footings of this type. No tower has yet failed from 
either tower or internal footing difficulties. Some towers have 
been undermined by floods and have fallen. 

There are now available many forms of expansible footing, 
plates developed as guy anchors but capable of application as 
tower footings. These will take a deep secure hold on the un¬ 
disturbed earth and should furnish an additional means ot se¬ 
curity. 
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FIELDS OF MOTOR APPLICATION 


BY DAVID B. RUSHMORE 


Abstract of Paper 

This paper is to serve as an introduction to a discussion on 
the subject of Fields of Motor Application. An industry is 
defined from an economic standpoint and a list of the principal 
industries is given. The special points of interest ^ an in¬ 
dustry are given and these are expanded to coyer most of the 
items which would be of interest in investigating an industry 
from the standpoint of the application of electric motors. 


T he natural development of a country takes place 
through the successive activities of exploration, hunting 
and fishing, lumbering, mining, agriculture and manufactuiing. 

Manufacturing is defined by the Century dictionary as ‘‘ The 
operation of making goods or wares of any kind; the production 
of articles for use from raw or prepared materials by giving to 
these materials new forms, qualities, properties or combina¬ 
tions, whether by hand labor or machinery. 

Broadly speaking, the world’s activities consist of the pro¬ 
duction, transportation, distribution and consumption of the 
necessities of life which, in general, consist of food, clothing 
and shelter. This may be likened to the generation, trans¬ 
mission, distribution and. utilization of electric energy. 

Raw materials, in general, consist of matter and stored 
energy in various forms of fuel. Most industries can be classi¬ 
fied under the three general headings of food, clothing and con¬ 
struction. A somewhat more general classification is as follows: 
vStone, clay and glass products. 

Metals, machinery and conveyances.. 

Wood manufacturings. 

Furs, leather and rubber goods. 

Chemicals, oils and paints. 

Printing, and paper goods. 

Textiles. 

Clothing, millinery, laundry. 

127.5' 
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Food, liquors and tobacco. 

Water, light and power. 

The various industries of the United States and some statisti¬ 
cal information pertaining thereto are included in the follow¬ 
ing tables taken from the latest published Census Reports: 


MANUFACTURES IN THE UNITED STATES. 

(From Census Bureau’s Summary for 1909, issued April, 1912.) 
Statement of the general results of the Thirteenth United States Census of Manu< 

factures. 


Summary for the United States for 1909.* 



Census. 

Per Cent of 
Increase, 
1904tol909 

1909 

1904 

Number of establishments. 

268,491 

216,180 

24.2 

Persons engaged in manufactures. 

7,678,578 

6,213,612 

23.6 

Proprietors and firm members. 

273,265 

225,673 

21.1 

Salaried employes.. 

790,267 

519,556 

52.1 

Wage-earners (average number). 

6,615,046 

5,468,383 

21.0 

Primary horse power... 

18,680,776 

13,487,707 

38.5 

Capital. 

18,428,270,000 

12,675,581,000 

45.4 

Expenses. 

18,453,080,000 

13,138,260,000 

40.5 

Services.. 

4,365,613,000 

$3,184,884,000 

37.1 

Salaries.. 

1938,575,000 

$ 574,439,000 

63.4 

Wages... 

$3,427,038,000 

$2,610,445,000 

31.3 

Materials... 

12,141,791,000 

$8,500,208,000 

42.8 

Miscellaneous. 

$1,945,676,000 

$1,453,168,000 

33.9 

Value of products.. 

20,672,052,000 

14,793,903,000 

39.7 

Value added by manufacture (value of pro- 




ducts less cost of materials).. 

$8,530,261,000 

$6,293,695,000 

35.5 


♦Not including Alaska, Hawaii or Porto Rico. 


Manufacturing industries are of interest from the stand¬ 
point of economics, finance and investment, labor, tariff, power 
consumption, etc. 


Points of Interest in an Industry 

All industries are identified by the 
Finished Product, which is made from 
Raw Materials hy a 
Manufacturing Process with an 
Rquipment which is driven by 
Power and supplied with 
Labor in a 
Factory involving 

Costs and other features of interest; some of which are 

Transportation, Market, Competition, Financial Aspect, History^ 
etc. 
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MANUFACTURES BY INDUSTRIES. 


Industries, 

Average 
Number 
of Wage- 
Earners. 

Value 

of 

Products 

Value 

Added 

by 

Per Cent 
Increase in 
Ten Years 

Manufacture 

(a) 

(6) 

Slaughtering and packing. 

89,728 

51,370,568,000 

5168,740,000 

29.5 

73.8 

Foundries and machine shops.. 

531,011 

1,228,475,000 

688,464,000 

24.4 

53.9 

Lumber and timber. 

695,019 

1,156,129,000 

648,011,000 

36.6 

51.9 

Iron and steel, steel works. 

240,076 

985,723,000 

328,222,000 

31.0 

65.1 

Flour and grist mills.. 

39,453 

883,584,000 

116,008,000 

22.4 

76.2 

Printing and publishing.. 

258,434 

737,876,000 

536,101,000 

32.4 

86.7 

Cotton goods. 

378,880 

628,392,000 

257,383,000 

25.1 

85.3 

Clothing, men’s. 

239,696 

568,077,000 

270.562,000 

52.1 

75.4 

Boots and shoes. 

198,297 

512,798,000 

180,060,000 

31.1 

76.8 

Woolen, worsted and felt goods. 

168,722 

435,979,000 

153,101,000 

29.1 

75.2 

Tobacco. 

166.810 

416,695,000 

239,509,000 

25.9 

58.0 

Car shops. 

282,174 

405,601,000 

206,188,000 

62.5 

86.0 

Bread and bakeries... 

100,216 

396,865,000 

158.831,000 

66.5 

126.3 

Iron and steel, blast furnaces,.. 

38,429 

391,429,000 

70.791,000 

t2.1 

89.3 

Clothing, women's. 

153,743 

384,752,000 

175,964,000 

83.6 

141.5 

Copper, smelting and refining. . 

15,628 

378,806,000 

45,274,000 

38.0 

129.4 

Liquors, malt... 

54,579 

374,730,000 

278,134,000 

38.3 

58.2 

Leather.. 

62,202 

327,874,000 

79.595,000 

19.4 

60.7 

Sugar and molasses not inc.beet 

13,526 

279,249,000 

31,666,000 

t41.3 

16.5 

Butter, cheese and milk. 

18,431 

274,558,000 

39.012,000 

44.0 

109.9 

Paper and wood pulp. 

89,492 

267,657,000 

102,215.000 

53.0 

110 2 

Automobiles.... 

75.721 

249,202,000 

117,556,000 

3278.9 

5148.6 

Furniture.. 

128,452 

239,887,000 

131,112,000 

41.8 

83.6 

Petroleum refining. 

13,929 

236,998,000 

37,725,000 

14.2 

91.2 

Electrical machinery. 

87,256 

221,309,000 

112.743,000 

107.7 

139.4 

Liquors, distilled. 

6,430 

204,699,000 

168,722,000 

72.8 

111.5 

Hosiery and knit goods. 

129,275 

200,144,000 

89,903,000 

54.5 

108.8 

Copper, tin and sheet iron. 

73,615 

199,824,000 

87,242,000 

92.1 

155.0 

Silk and silk goods. 

99,037 

196,912,000 

89.145,000 

51.4 

83.6 

Lead, smelting and refining. ... 

7,424 

167,406,000 

15,443,000 

tlO.8 

4.6 

Gas, illuijiinating and heating.. 

37,215 

166,814,000 

114,386,000 

65.7 

120.3 

Carriages and wagons. 

69,928 

159,893,000 

77,942,000 

t5.3 

15.6 

Canning and preserving. 

59,968 

157,101,000 

55,278,000 

5.2 

58.2 

Brass and bronze. 

40,618 

149,989,000 

50,761,000 

49.5 

69.2 

Oil, cottonseed. 

17,071 

147,868,000 

28,035,000 

55.1 

151.8 

Agricultural implements. 

50,551 

146,329,000 

86,022.000 

8.5 

44.6 


22,895 

141,942,000 

91,566,000 

20.3 

59.9 


44,638 

134,796,000 

53,645,000 

66.2 

122.3 


14,240 

124,889,000 

45,873,000 

46.£ 

79.5 


43,086 

123,730,000 

44,977,000 

28.8 

36.7 


23,714 

117,689,000 

53,567,000 

24.7 

87.6 


65,603 

113,093,000 

75,696,000 

57.^ 

77.6 


34,907 

104,719,000 

44,692,000 

19.2 

73.3 

All other industries. 

1,634,927 

4,561,002,000 

2,084,399,000 

46.0 

100.7 

All industries, total. 

6,615,046 

520,672,052,000 

$8,530,261,00( 

1 40.^ 

1 81.2 


*In the year 1909. (a) Increase in average number of wage-earners, 1899-1909 


(6) Increasein value of products, 1899-1909. tDecrease. ^ , f j * 

In the above table the industries are arranged in the order of their gross value of product. 
Some of the industries which hold a very high rank in gross value of products rank com¬ 
paratively low in the average number of wage-earners employed and in the value added y 
Lnufacture. Where this is the case it indicates that the cost of materials represents a 
large proportion of the total value of products, and that therefore the value added by manu- 
facLre, of which wages constitute usually the largest item, is not commensurate with 


total value of produets. 
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In iiivevStigating or describing the application of electricity to 
various industries, the following subjects form a tentative and 
necessarily incomplete list of the points of interest: 

Finished Product 

Description, Complete, Detailed, Condensed Composition, 
Chemistry. 

Uses of Product. 

Historical Sketch. 

Seasonal Production or Consumption, Operation of Factory. 
To be sold for consumption or to pass through further manu¬ 
facturing processes. 

Ability to undergo Storage. 

Limitation regarding time of shipment and consumption as re¬ 
lated to manufacturing, dairy products, fruit, etc. 

Ability to withstand transportation. 

Conditions of boxing and other preparations for shipment. 
Factors or conditions which injure product. 

Quality of product, Affected by what factors? 

Size factor, per unit or per pound. 

Weight factor, Weight of shipping unit, also per cu. ft., etc. 
also per unit. 

Shipping by mail, express, freight; rates. 

Preparation for market. 

Specifications to be met. 

Tests. 

Grades and characteri.stics. 

Reputation, Brands, Trade Marks, etc. 

Substitutes. 

Product is sometimes Labor or Service. 

Stock. 

Cost Analysis, also Diagram of general cost plan. 

Price fluctuation over term of years. 

Production by countries and localities over term of years. 
Consumption by countries, localities, trades, etc. 

By-products. 

Waste, Refuse, Scrap, Unsalable Residue. 

Exports and Imports. 

Raw Material 

Source, Geographical, Manufactured. 

Classiflcation, Grades, etc. 
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Export and Import. 

Production, Country, Seasonal. 

Control or Open Market. 

Natural or Manufactured Products. 

Limitation to Supply. 

Substitutes. 

Percentage Loss Necessary, Raw Material to Finished Product. 
Specifications and Tests, Inspection, Varieties, Grades, Im¬ 
purities. 

Purchasing. 

Storage. 

Stock to be kept on hand. 

Per cent of Cost of Product. 

Adulterants Used. 

Indications of Purity. 

Undesirable Ingredients. 

Ownership of Supply. 

Preliminary Treatment. 

Danger to which it is exposed. Depreciation with Age, Moisture, 
Heat, Cold, Vibration, etc. 

Seasonal Production. 

Price Fluctuations over Term of Years. 

Transportation, Costs and Ability to Withstand. 

Manufacturing Process 
Characteristics of Raw Material as received. 

Preliminary Treatment Necessary. 

Description of General and Detailed Steps in Process by which 
the Raw Material is Converted into Finished Product. 
Particular Requirements of Process as regards Time, Temper¬ 
ature, Pressure, Power, Speeds. 

Critical Points in Process, Method of Determination, Precautions. 
Diagram of Flow of Material through Process. 

Possible points for improvements. 

Alternative processes possible with relative advantages and 
Disadvantages of each. 

Mixtures of ingredients to be used with specifications and the 
results of variation of quantity and quality. 

Result of stoppage of any part or all of plant. 

Use of steam for manufacturing purposes, 

Use of Water, Gas, Oil and Coal for manufacturing purposes 
other than power. 
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Equipment and Power 

List of steps in Process and Description of Machine used for 
each step. 

List of Manufacturers of each kind of Machine.. 

Load Curves or Duty Cycle of each Machine. 

Conditions, of Starting, Accelerating, Running, Braking, Re¬ 
versing, etc. 

All Factors involved in the Motor Application such as At¬ 
mospheric Conditions, of Dust, Injurious or Inflammable 
Gases; exposure to outside heat, vibration, noise, safety 
precautions, illuminations, accessibility of repairs, use of 
flywheels, protection for belts, etc.; method of mounting, 
method of drive, ventilation, shaft extensions, lubrications, 
clutches, oil drainage, type of frame, methods of adjust¬ 
ment and alignment, etc, etc. 

Photographs and Drawings of Machines showing mounting of 
Motor and Control wherever possible. 

Points determining Type and Capacity of Motor. 

Points determining Type and Capacity of Control. 
Distributing vSystem. 

Generating System. 

Methods of Measuring Power Consumption. 

Important Points in Power Contract. 

Cost of Manufactured or Purchased Power. 

Load Curve of Plant as a whole. 

Factory 

1. Location of factories manufacturing product with reasons 

for such location and output of each. 

2. Ground plan of factory showing generating plant or sub¬ 

station, Buildings, Location of machines. Path of flow of 
materials, etc. 

3. Elevation of principal buildings where this will give desirable 

information. 

4. Diagram of electric distributing circuits. 

5. Storage facilities for raw material and product. 

6. Methods of illumination. 

7. Safety precautions. 

Labor 

1. Location of factory. 

2. Existence of special class of labor especially skilled in industry. 

3. Curve of wages over term of years. 
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4. Relative labor efficiency. 

5. Relative costs of operations by hand labor and electrically 

driven machinery. 

6. General intelligence of labor and care of apparatus which 

may be expected. 

Costs 

1. Diagram and detailed description of methods of estimating 

cost of product and of factors involved. 

2. Tabulation of cost factors in percent of the whole, showing 

the relative importance of the items of power, labor and 
materials. 

3. Indicate directions in which effort can be most advantage¬ 

ously employed toward saving in cost and improvement in 
quality of product. 

4. Outline in detail economic value of electric drive. 

As a factor of greater efficiency and saving in power cost. 

As allowing the purchase of power and therefore the reduction 
of capital investment. 

Increased production for a given equipment. 

Improvement in the quality of product due to constant speed. 
The poSvSibility of centralizing the power supply. 

Simplicity in power transmission and distribution. 

Convenience in location of machinery with reference to pro¬ 
duction rather than to power transmission system. 

Ease of making changes. 

Reduction of friction losses. 

Improved cleanliness and better light and safety due to absence 
of large number of belts. 

Greater reliability in operation. 

Possibility of selection of suitable motors. 

Ease of control. 

Possibility of remote and automatic control. 

Possibility of recording power consumption and of investigating 
the operation of machinery. 

Time economy and possibility of sectional operation of shop or 
factory, making the power consumption approximately 
proportional to the work. 

The following diagram of costs is impersonal and does not 
represent the practise of any one particular company. The 
proper method of estimating costs is, however, so little under¬ 
stood by manufacturing concerns that but few include all of 
the items which really make up a part of the total expense in¬ 
volved in the production of a product. 
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In order to appreciate the economic part played by the elec¬ 
tric motor in manufacturing industries it is necessary to have 
the detailed cost sheet. The valuation of the various factors 
of advantages of the electric motor application, other than 


ITEMS IN THE COST OF A FINISHED PRODUCT 



those involved in the direct reduction of power cost, is a treat¬ 
ment so special as to necessitate its separate statement for 
each industry. 

The object of this paper is to give a brief outline of the points 
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of interest in industry and to point out the factors involved in 
the application of electric motors to manufacturing purposes. 
It is intended to serve as an introduction to a discussion which 
will bring out the points of interest in the various industries in 
which the electric motor has been applied. 

This paper is the fourth and last part of a treatment of In¬ 
dustrial Power Applications, the other parts of which have been 
Electric Motors, Electric Controllers, and the Factors Involved 
in Motor Application, which were presented respectively at 
the New York, Pittsburgh and Cleveland Meetings. 



Presenled oi the 32d Annual Convention of 
the American Institute of Electrical Engineers, 
Deer Park, Md., June 29, 1915. 

Copyright 1916. By A. I. E. E. 


ELECTRICITY IN GRAIN ELEVATORS 


BY H. E.STAFFOED 


Abstract of Paper 

The object of this paper is to show the storage capacity of 
grain at the terminals of Port Arthur and Fort William, the 
rated horse power capacity of prime movers, the amount of 
power used to turn out a given quantity of grain, and the power 
used by different machines in the process. In addition it gives 
the details of different plants as regards construction and opera¬ 
tion and the method of receiving and shipping grain. It gives 
a comparison between steam and electrically-driven plants as 
regards convenience, maintenance, operation and cost. As 
regards the station end, it shows the lay-out of different sta¬ 
tions, the cost of installation, the operation and in some in¬ 
stances, the cost of power. It will be shown in the paper that 
the cost of handling grain varies, and the reason.is fully de¬ 
scribed. On account of the grain handling season being of 
short duration, it is the intention of certain companies to install 
turbo-generators to overcome the necessity of paying on a peak 
demand basis. By installing two or more_ units the operating 
expenses would be cut to a minimum. With the use of steam 
power this is impossible. 

E LKCTRIC power first came into the limelight in this in¬ 
dustry in Foit William, in 1902, making this city one 
of the pioneers in this respect. Electricity was first introduced 
by the Canadian Pacific Railway, which built a power house 
operated by steam, for the purpose of electrifying its numerous 
elevators. This company was the only one using electric power 
until the advent of the Kaministiqua Power Co., in 1905. The 
latter company established a power house at the foot of Kake- 
beka Falls, 18 miles from Fort William, in June 1905, and the 
first two units of 7000 h.p. capacity were put into opera¬ 
tion in December, 1906. A third unit of 7000 h.p. was 
added in October, 1911 , while a fourth unit of 13,000 h.p. was 
added in August, 1914, making a total of 27,000 h.p. Fig. 1 
shows the location of the power house and flumes. 

At this point the power is generated at^ 4000 volts, and 
stepped up to 25 kv. It is transmitted at this voltap to sub¬ 
stations at Port Arthur and Fort William, where it is stepped 

128.5 
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down to 2200 volts. The loss in transmission is approximately 
3000 volts. 

The substation at Fort William has, at present, three banks 
of three transformers with a capacity of 5500 kv-a. for each 
bank. The station at Port Arthur has six transformers of 750 
kv-a. each. The connections from power house to station are 
star-star, star-delta, with grounded neutral. The Corporation 
of Port Arthur has in addition, a hydroelectric plant at Cur¬ 
rent River with a total capacity of 2500 kv-a., at 2200 volts, 
which is used at the heaviest load period to keep down the peak. 

Under the names of the different plants will be given a brief 
description of the various conditions under which they work, 
obtain power, etc. The first two described are the latest built, 
and will be given in detail. 

Western Terminal Elevator 

This elevator is a recent type, and is the second in Fort Wil¬ 
liam to purchase power at 22 kv. The station was completed 
in August, 1914. The old plant which was built a few years 
ago is of concrete, with steel and tile cupola, while the tanks 
are tile. The new house, built in 1914, is of reinforced con¬ 
crete throughout. The building is built on a foundation of 
piles driven sixty feet below cut-off. The piles are driven in 
blue clay, and are capable of standing a stress of between 16 
and 20 tons per pile. The grain capacity of the elevator is 
2,000,000 bushels. The power contracted for is 700 h.p. The 
plant is equipped with 56 motors of a total capacity of 1140| 
h.p. The motors are used for various purposes, some of which 
are given below. 

There are two car-haul motors (one for each track) of 40 
h.p. capacity each, capable of hauling 25 cars each. There 
are six receiving pits and three receiving legs with 22-inch 
buckets. Each leg is operated by a 75-h.p. motor. The dis¬ 
tributing belt conveyers are operated by a 20-h.p. motor each, 
and the shipping belt conveyers are operated by a 15-h.p. 
motor each. The loading legs require from 60-h.p. to 75-h.p. 
motors each. 

There are also seven cleaners and three cleaning legs. The 
cleaner legs take from 15 h.p. to 25 h.p. each, while the cleaners 
are operated by a 10-h.p. motor each. This plant is equipped 
with four flax machines, of 10-h.p. capacity each, and two 
special flax machines of h.p. each. 
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Two fans for collecting dust are operated by a 10-h.p. and 
15-h.p. motor respectively, and the building is piped wdth com¬ 
pressed air supplied by a 4|- by 6-in. compresser for cleaning 
motors. 

The station equipment consists of three 250-kv-a. single¬ 
phase transformers. The connections are star-delta. The 
power factor is kept at 90 per cent by two 125-kv-a. condensers. 
In addition there is a 30-kw. single-phase transformer for light¬ 
ing purposes. The load factor is about 25 per cent. 

Fort William Elevator Co. 

This plant was built in 1913 and is of reinforced concrete 
with brick paneling. The plant, which has a grain capacity*- 
of 1,500,000 bu., is operated by both steam and electric power. 
The boiler capacity (four boilers) is 500 h.p. The engine 
capacity is 800 h.p. These operate at a steam pressitre of 1201b. 

The electric plant consists of a 300-h.p. marine engine direct- 
connected to a 225-kw., 600-volt, 60-cycle, three-phase alterna¬ 
tor supplying current to three 100-h.p. motors operating three 
shipping legs, four 15-h.p. motors operating four shipping 
conveyer belts, and one 20-h.p. motor operating a reversible 
conveyer belt. 

The plant uses 2000 tons of coal per annum at a cost of S4.00 
per ton. Below is given the cost of operating the plant for one 
year. 

Coal.$ 8,000.00 

Oil. 250.00 

Waste. 32.00 

Packing. 200.00 

Wages. 4,000.00 

Total per annum.$12,482.00 

This makes an average of 134.194 per day. Average load for 
365 days = 300 h.p. Average cost per h.p. per annum = 
$41,606. As this plant also supplies steam for the drier, the 
actual cost is somewhat below this amount, the actual cost 
not being known. 

The storage capacity of the plant is 48 tanks, each contain¬ 
ing 27,000 bu., and 35 intermediate tanks, each containing 
7000 bu. There are six receiving pits capable of handling 12 
cars or 13,200 bu. per hour. Also nine wheat cleaners and 
two flax cleaners of 1000 bu. capacity per hour. 
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The shipping capacity is about 45,000 bu. per hour, and each 
conveyer belt of 15 h.p. capacity handles 20,000 bu. per hour. 
Two extra features of this plant are a separate!', for separating 
various grains, and a drying plant. The capacity of the drier 
is 1000 bu. per hour. 

Consolidated Elevator 

The total grain capacity of this plant is 1,750,000 bu. Power 
is delivered at 2200 volts on a contract basis of 700 h.p. The 
average load is 600 h.p. The total number of motors is 37, 
ranging from 2 h.p. to 75 h.p., delivering 1007 h.p. 

The transformer station consists of 2200 to 600-volt trans¬ 
formers, a synchronous condenser, necessary switch gear, and 
motors. All other characteristics correspond to the plants 
previously described. 

Canadian Pacific Railway Co. 

As before stated, the C. P. R. was the pioneer in the use of 
electric power for elevator purposes. This plant, which is the 
only one operated by this company in this city, has a total 
grain capacity of 8,000,000 bu. and is the second largest plant 
in the world. The shipping capacity is 80,000 bu. per hour. 

The company discontinued the use of its own power plant 
and purchased power from the Kaministiqua Power Co. in 1907. 
Power is purchased at 2200 volts and stepped to 600 volts at 
its own transformer station. The transformer capacity is three 
single-phase, 588-kv-a., or a total of 1764 kv-a. The power 
factor is maintained at 90 per cent by a 750 kv-a. condenser. 
The total motor capacity is 2100 h.p., while the average load 
is 1400 h.p. 

Canadian Northern Railway Elevator 
This plant is a double one; that is, there are two work houses 
with the storage tanks between. It has a storage capacity of 
9,500,000 bu. and is the largest plant in the world. This plant 
was first started in 1900, and has been added to at various 
times, the last addition being made in 1913. Up to that time 
it was a , steam plant throughout, but when the annex was 
built in 1913, a 200-kv-a. three-phase generator was installed 
to supply power for it alone. 

The total engine capacity of the plant is 2000 h.p. supplied 
by a 1250-h.p. and a 750-h.p. unit. The coal consumption of 
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this plant is 7000 tons per annum, 950 tons of which are used 
in the driers. The average horse power (steam) is about 1700. 
The cost of producing power is 0.9 cent per kw-hr. figured on 
a basis of 3^ lb. of coal per h.p-hour. Statistics of this plant 
also show that the cost for one year was $22.56 per h.p. for 
steam power which is an exceedingly low rate. 

The average amount of grain handled in one"* year is 
40,000,000 bu. 

In Tan. 1914, the elevator was remodeled, necessitating the 
installation of additional power. As the company was con¬ 
sidering using electric power throughout in the near future, 
it was deemed advisable to erect a substation to accommodate 
the extra power needed, which could be enlarged as more power 
was required. 

The transformer station is a separate building of brick and 
tile construction, and was built in 1913. The equipment, 
which was installed and partly designed by the writer, was put 
in operation in April 1914. Power is purchased from the City 
of Port Arthur, at 22 kv,,and stepped to 600 volts by three 
150-kv-a. transformers connected to a six-panel board. The 
oil switches and busbars are mounted directly on the board, 
which consists of one main panel, one condenser panel, and 
four feeders. On the main panel is an ammeter giving the 
readings from the high-tension side of the transformers, a 
graphic wattmeter giving the total kilowatts of load, a graphic 
power factor meter and a maximum demand and integratmg 
wattmeter combined. The voltmeter giving the low-tension 
readings is mounted on a swing bracket at the end of the board. 
The four feeders are duplicates and have only an ammeter each, 
with the necessary switchgear. A detail drawing of connections 
is shown in Fig. 3. This diagram corresponds to nearly all 
the low-tension connections in all the elevators. Fig. 2 shows 
a view of this board and part of the lightning arrester equip¬ 
ment. ^ . 

A detailed drawing of the synchronous condenser panel is 

shown in Fig. 4. This consists of three a-c. ammeters,^ one a-c. 
voltmeter, one d-c. ammeter, one d-c. voltmeter, and oil switch, 
two rheostats, synchronizing lamps, switches, plugs and start¬ 
ing controller. The condenser itself is the 200-kv-a. generator 
mentioned before, and was installed in the station for power 
factor correction. - The condenser is started somewhat differ¬ 
ently from the others used in elevator practise (all others are 
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self-starting) as this machine is started and brought up to 
speed (900 rev. per min.) by its exciter, which is supplied at 
110 volts d-c. by a large generator supplying lights to the eleva¬ 
tor. When the machine has reached synchronous speed it is 
thrown on the line in the usual way and the double-pole, double¬ 
throw switch shown in Fig. 4 is thrown to the running position, 
when the exciter takes care of the condenser, through the gen¬ 
erator field rheostat, by which the power factor can be regulated 
at will. It takes one minute to get the condenser on the line. 

The emergency switch mentioned in Fig. 4 is used in case 



C.T., current transformer; P.T., potential transformer; T.C., trip coils; A.C.B., auto¬ 
matic circuit breaker; M.D.M., maximum demand meter; C.W.M., graphic wattmeter; 
G.P.F.M., graphic power factor meter. 

the exciter needs repairs. In this case the fields can still be 
excited from the light generator while such repairs are being 
made, the condenser of course having to be kept running, as 
there would be no way of starting it. The short-circuiting 
switch is for cutting out the controller when the motor is run¬ 
ning as an exciter. 

The total capacity of the switchgear is about 2000 h.p., 
while the capacity of'the transformers is only 450 kv-a. These 
of course can be added to at any time. The transformers are 
delta-delta connected. The station is protected by three elec- 
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trolytic lightning arresters. The total motor' capacity at pres¬ 
ent is 765 h.p., while the average load is 385 h.p. 

Grand Trunk Pacific Elevator 
This elevator has a grain capacity of 5,750,000 bu. The 
motor capacity is 1800 h.p. It was the first in this district 
to purchase power at 22 kv., having contracted for it in 1909. 
The substation is large and roomy with a maximum of safety. 
The building is three stories high. The top floor contains the 



Rot. Condenser 


Fig. 4—Synchronous Condenser Panel 

P., voltmeter-ammeter plug; S.B., starting_ box; Gen. F.R., generator field rheostat; 
D.R., discharge resistance; S.S., short circuiting switch; E.S,, emergency switch; D.P. 
D.T. Sw., double pole, double throw switch; D.S., discharge switch; E.R., exciter rheostat; 
C.T., current transformer; T.C., trip coils. 

choke coils, lightning arresters and high-tension switchgear. 
The arresters are the electrolytic type. The second floor con¬ 
tains the light and power transformers. , There are three single- 
phase 22-kv. to 600-volt transformers with a total capacity 
of 2025 kv-a., and three lighting transformers of 60 kv-a. each. 
The ground floor is taken up with the condenser and switch¬ 
board. The condenser is self-starting and has a capacity of 
750 kv-a. It draws about 800 amperes at starting, and takes 
about 1-| minutes to get it on the line. The switchgear and 
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buses are mounted, directly on the board. An extra feature 
of this station is a fire pump of 500 gallons per min. capacity, 
driven by a 50-h.p. motor. Fig. 5 shows the elevation of a 
substation of this type. 

The Horn Elevator 


This plant, better known as “ King’s elevator” was built 
in 18'83 and is the oldest elevator in this,part of the country. 

This elevator, is an exclusive _r 

cleaning and drying plant and A 

is called a ” hospital”. The 

grain capacity is 800,000 bu. - Y 

The plant is operated by ,p-. - rf^ 

steam, the boiler capacity being [_iJ = 

1200 h. p. while the engine 

capacity is 600 h.p. The ex- m- I I ' l l— 

cess boiler capacity is used in T - 

the drying process. The plant |l 
is equipped with seven driers 
with a total capacity of 20,000 
bu. per day, with grain at 8 per e 
cent excess moisture. A full 

description of the drying process —-- _1_ 

comes under the head of “dry- 
ing,” a subject discussed in 

the latter part of this paper. j 


Ogilvie Milling Co. 7 

This company owns and oper- /f A 
ates an elevator in connection ^ — 

with its flour mill. The grain _ II Jll I 

capacity of the elevator is 1,250,- - 

000 bu., while the capacity of Fig. 5 

the mill is 3000 bbl. per day. iighKfirStersT 3 -chi)keKiis^^^ 
The rated capacity of motors 
is 2000 h.p. and the power 

is purchased on a 1300-h.p. demand basis. Power is delivered 
to the plant at 2,200 volts and stepped to 600 volts. The 
milling machinery is connected to a lineshaft driven by an 
800-h. p. motor, while the mill cleaning equipment is lineshaft 
connected to a 250-h.p. motor. 

The plants described above cover the field very well, and for 
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the sake of convenience, the balance of the plants at these 
terminals, as well as the preceding ones, .are given in Table I. 
This table covers all the data available. It is impossible to 
obtain all the facts and figures, as most of the companies are 
very reticent in this respect. 

Summary 

The power applied to grain elevators, steam and electric, 
may be summarized as follows; 

Electric power (max. demand) 


total h.p. average h.p. 

14,4121 8680 

Electric power (flat rate) 

495 475 

Steam power 

4,710 3105 

Combined steam and electric 

800 steam 365 electric (1165 total) 300 


The total capacity of all terminal elevators as shown in 
Table I is 42,090,000 bu. The total capacity of prime movers 
is 19,982| h.p. and the average power is 12,360 h.p. During 
the season of 1914, the total grain shipments from these ter¬ 
minals was 126,398,622 bushels. 

In connection with the types and classes of plants, a little 
explanation is necessary. There are two types of plants, public 
and private. These may belong to either of the two classes, 
as shown in Table I. A public plant is one in which the grain 
is handled on a percentage basis for any grower or grain com¬ 
pany, while the private plant buys the grain outright and dis¬ 
poses of it to suit its needs. 

The cost of handling grain is rather hard to figure. A plant 
may not handle the same amount of grain two years in succes¬ 
sion. It may also be stated that, while the characteristics of 
these elevators as to major details are identical, the conditions 
under which they operate are at a variance. 

It has been shown in Table I, that a certain plant handles 
20,000,000 bu. of grain on 1500 tons of coal at $4.00 per ton. 
Induding the operating costs, the cost per bushel over a number 
of years was shown to be 0.057 cent per bu. 

Another plant handled for one year, 30,000,000 bu. of gram 
on 675 kw. at a maximum demand charge of $10,492.44 on a 
basis shown.at the conclusion of this paper. This brought the 
cost per bushel down to 0.035 cent per bu. 



Squirrel-Cage Motors Used in All Plants 
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Another plant handled 500,000 bu. on 100 h.p. flat rate at 
$25 per h.p. or 0.05 cent per bti. 

From Table I, item 5, it will be seen that this plant handled 
40,000,000 bu. on 7000 tons of coal, which, with the opera¬ 
ting expenses, brought the price to 0.042 cent per bu. 

As stated before, this information, while authentic for the 
period mentioned, can hardly be called an average. 



Handling the Grain in Elevators 

The handling of the grain may be grouped under a number 
of headings such as : 

1. Receiving; car haul, unloading. 

2. Cleaning. 

3. Conveying; storage tanks. 

4. Conveying; hopper conveyer. 

5. Weighing; shipping. 

6. Drying. 

Car Haul. The cars are shunted into the elevator by a yard 
engine, after which they are moved by a cable drum over the 
receiving pits. The size of the motors for the car haul depends 
on the capacity of the elevator and the average number of cars 
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handled at one unloading. For a train of 25 cars a 40-h.p. 
motor is used. 

The motor starts under no load and the load is gradually- 
thrown on by a friction clutch attached to a cable drum. The 
strain is sometimes very great as for a train of 25 cars a 40-h.p. 
motor would exert itself 40 to 60 per cent above rated capacity. 
As this is only for a few seconds, the load as a whole is of little 
importance. 

Unloading. The grain is shoveled from the cars by reverse 
cable shovels; generally two to a car, each operated by one 
man. Of course the greater part of the grain leaves the car 
by gravity as soon as the grain doors are removed, and the 
shovels are used for the remote corners and floor. It usually 
takes 30 min. to unload a car containing 1100 bu., 66,000 lb. 
Each receiving pit has a set of two shovels. The power re¬ 
quired to operate two shovels is approximately 7.5 h.p. The 

load is intermittent and very seldom exceeds 
the normal capacity of the motor. 

Cleaning. While the grain does not neces¬ 
sarily go through the cleaning process im¬ 
mediately after it is removed from the cars, 
this subject will be treated first. From the 
receiving pits, the grain is carried by bucket 
conveyers either to the cleaner or storage 
tanks, as the case may be. The cleane:ps are 
located on the first “ deck ” of the elevator. At the cleaner the 
grain is separated from the chaff, dirt, etc. The screenings (false 
grain and others) are transferred to a bin where they are afterward 
sold for feed. The chaff is drawn by suction into a blower and 
carried to the boilers direct. The foul seed is taken to a bin where 
it is afterward disposed of. The power required for the blower is 
from 15 h.p. for a 2,000,000-bu. plant, to 75 h.p. for a 9,000,000- 
bu, plant. The load is constant and never exceeds the full load 
rating. The motors for the cleaners range up to 10 h.p. and 
are never overloaded. The load is practically constant. 

Conveying and Storage Tanks. The good grain is taken by 
a bucket conveyer from the cleaners to the tops of the tanks, 
where it is dumped on a l^elt conveyer, to be distributed to the, 
various tanks. The tanks are constructed, as before, stated, of 
steel, tile or concrete. A belt conveyer runs between two sets 
of tanks and the grain is shunted into the proper tank by means 
of a “ dumper.” This dumper consists of a set of rolls, between 



Fig. 7—Scalper. 

This consists of five 
sieves, with a spout lead¬ 
ing from each compart¬ 
ment to conveyers. 
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which the belt passes, on the same principle as a belt tightener. 
By closing the dumper the grain is diverted to a chute and then 
into the tank. The dumper is mounted on rails and is generally 
moved by hand. 

The bucket conveyers require from 50 to 75 h.p. motor capac¬ 
ity, according to the height of the conveyer and the size of the 
buckets. These motors start under light load, but as soon as 
the grain starts the motor is loaded to its normal capacity. 
The belt conveyers probably have the heaviest conditions to 
work under, having to start under great stress, sometimes double 
their rated motor capacity, and in many instances the auto- 
starters are of no use whatever, the handle having to be thrown 
to the running position to start. It is not an uncommon occur¬ 
rence for a 15-h.p. motor to blow a 100-ampere fuse, or five 
times normal load. The load is also intermittent owing to 
opening and closing of the hoppers, necessary in mixing grades 
of grain. 

In warm weather these motors work at about 75 per cent 
f ull capacity, while in cold weather they work as high as 20 per 
cent above rated capacity, due to the effect of the temperature 
on shafting, journals, belting, etc. In connection with these 
motors, the question might be asked, “ why are not larger 
motors used?” In the first place the extra cost is to be con¬ 
sidered, while in the second place the season for grain handling 
is g^erally from the opening of navigation on the Great Lakes 
until the closing, that is, from the 15th of April until the 5th 
of Dec., or in temperate weather. The motor capacity for 
belt conveyers is anywhere from 15 h.p. to 50 h.p., depending on 
the length of the belt. These belts travel at about 650 feet 
per minute. 

Conveying] Hoppey Conveyer. From the tanks the grain is 
directed through a hopper in the bottom of the tank to another 
belt conveyer, where it is carried out of a tunnel under the tanks, 
to a bucket conveyer, where it is carried to the garner bins. 

Weighing and Shipping. From the garner the grain goes 
into the shipping bin, mounted on scales and situated directly 
beneath it. After it is weighed, it goes to the shipping spout 
and thence to the hold of the vessel. The capacity of the scale 
is 60,000 lb. 

Drying. All grain that is damp has to be dried before ship¬ 
ment. No matter how smutty, damp or dirty it is, it is dried 
and sold to the miller in that state. The elevator companies 
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used to wash the grain, but it was an expensive operation, con¬ 
sidering they got no more for it. The washing bleached it and 
the value decreased accordingly. Now the mills wash the 
grain and gage the amount of moisture necessary in the milling 
process. The defective grain is therefore taken direct to the 
driers and treated. The drier is a bin generally containing 500 
bu. of grain, fitted with vertical sieves and an air chamber, as 
shown in Fig. 8. 

The air chamber is in the center surrounded by the sieves. 
There is a blank space between each sieve as shown in the cut, 
and the air circulates in the direction of the arrows. Connected 
to the drier by an air duct, is a 60-in. fan running at 250 rev. 
per min. There are two types of driers: hot and cold. The 
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heat is generated by steam. Each heater is made up of 6000 
feet of one-inch pipe, and the heat is kept at a temperature of 
80 deg. cent. A cold air drier is also operated by a fan, taking 
a good deal longer than the hot air drier. From the driers the 
grain is taken to the storage tanks. 

Period of Shipping. The grain starts to move as soon as 
navigation opens and continues rather brisk until the bulk of 
the grain in storage, in the elevators and cars is shipped. This 
generally takes until the middle of June. The months of July, 
August and part of September are slack; and the time is taken 
advantage of to make repairs, in readiness for the fall rush. 
This generally starts in the ‘latter part of September (crop con¬ 
ditions govern this) and continues to the end of navigation. 
This is the busiest season of the year and the peak is established 
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during this period. It is during this time that elevator companies 
get the best advantage of the maximum demand, as they lun 
full 24 hours. As was before stated, navigation virtually closes, 
midnight December 5th, as the insurance runs out at that 
time; but a large number of vessel oivners carry their ov/n in¬ 
surance and continue carrying grain until the canals freeze up. 


Conclusion 

The day load of an elevator is irregular, especially when the 
process of unloading cars and loading boats is in progress. 

Fig. 9 shows a typical day load. 

The night load, on the other hand, is practically constant, and 
is the period taken advantage of. During the night there is 
very little loading or unloading, and the work done is principally 
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Fig. 9—Typical Day Load 
First 5 Hours 



10—Typical Night Load 
First 5 FIours 


cleaning and conveying, the grain traveling in a continual stream. 

Fig. 10 shows a typical night load. 

In Fort William the power factor is maintained at 90 per 

cent, while in Port Arthur it is 92 per cent. 

All the induction motors are squirrel cage type, “ protected 
and self-ventilating.” The motors are all protected by fuses 
and in most cases have a no-voltage release on the auto-starter. 
As a general rule the motor is either connected to its load by 
chain or rope drive; a few are belt connected, while a few are 
geared. The trouble from breakdowns and burn-outs is almost 
negligible. With the use of vacuum cleaners and compressed 
air, and the proper care, probably no't more than five burn-outs 
occur in all the plants in one season. The maintenance charges 
are very small as these plants seldom employ more than two 
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opei'ators each. The operators as a general rule receive $125.00 
and $90.00 per month, respectively. 

Cost Data of Stations 

The cost per kv-a. for the average 22-kv. station, including 
buildings, transformers, synchronous condensers, high- and low- 
tension apparatus, is from $37,777 (the lowest) to $42.75 per 
kv-a. 

The cost for a 2200-volt station is from $35.65 to 39.72 per 
kv-a. 

Power Costs 

As before stated the flat rate charges are $25.00 per h.p., 
while the maximum demand is figured on the following basis. 

Max. demand in kw. .280 kw. 

Transformer losses on max. demand. 5| kw. 

Total kw.285| kw. 

286-| kw.383 h.p. 

Kw-hr. consumption.28140 kw-hr. 

1st 50 hrs.285^ • 50.... 14,275 kw-hr. 

2nd 50 hr.285| 50 .... 14,275 kw-hr. 

Total.28,550 kw-hr. 

Kw-hr. consumption.28,140 kw-hr. 

Excess.■. 410 kw-hr. 

383 h.p. at $1 per h.p. per month. $383.00 

lst50hr.14,275 1.3 cents.189.85 

2nd 50 hr.14,275 1 cent. 142.75 

Excess. 410 0.1 cent. .41 

$716.01 
71.60 

Charges per month for 280 kw.. $644.41 

This gives a rate of $27,618 per kw. per annum, but as this 
bill was the first rendered and the average load per annum of 
40 per cent lower, it would be very misleading to quote any figure 
on the actual cost per kw. per annum. 


Total. 

Discount 10 per cent 
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Discussion on “ Fields of Motor Application ” (Rushmore), 
AND “ Electricity in Grain Elevators ” (Stafford)^ 
Deer Park, Md., June 29, 1915. 

The Electric Elevator 

H.D. James: We often hear engineers speak of the difference 
in efficiency between electric elevators of the same size, and many 
of them seem at a loss to understand why this difference exists. 
It will perhaps be made a little clearer to many of them if we 
analyze the various sources of loss which occur between the motor 
and the load, and point out some of the factors which cause a 
variation in these losses. 

The useful work done by the motor is the net load lifted or 
lowered in the car. In order to equalize the work done by the 



Fig. 1—Common Arrangement 
Having Six Overhead Sheaves 
AND One Vibrator Sheave 



Fig. 2—Best Arrangement 
H.aving One Overhead Sheave 
AND No Vibrator Sheave 


motor, it is customary to use a counterbalance which is equal 
to the weight of the car and the average load combined. Some¬ 
times this counterweight is split in two parts, one part known as 
the car weight, is attached directly to the car, and is less than the 
weight of the car. The other weight known as the drum weight 
is attached to the drum and is equivalent to the unbalanced car 
weight and the average load. The drum weight is wound up 
on the drum as the car rope is unwound, and vica versa. For 
smaller installations, the car weight is omitted and all of the 
counter-balance is attached to the drum. Figs. 1 and 2 show 
this in diagram form. 

The car and counterweights travel on guide rails attached to 
the sides of the elevator shaft. The top and bottom counter¬ 
weights in each frame are usually slotted in the ends and extend 
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around the guide rails. Considerable clearance is allowed and 
if the weights are properly hung, there is very little pressure on 
the rails. 

The elevator car is usually hung in a steel frame ealled a 
girdle. This girdle is provided with top and bottom guide shoes. 
These shoes are usually adjustable for clearance and are held 
against the guide rails by springs so as to reduce the vibration 
of the car, The car is frequently loaded off of center so that 
at times there is considerable pressure between the guide shoes 
and the rails. The friction loss between these guide shoes and 
rails is affected by the material used, the lubrication and clearance 
of the shoes. The construction of the rails and particularly 
the joints, may have a considerable bearing on this friction. 
In well constructed elevators, the total loss from this source can 
be made quite low, although some cheap elevators using a poor 
grade of rails, may have considerable loss. 

The ropes are usually led over several sheaves before they 
reach the drum or counterweight. The arrangement of the 
ropes and sheaves may be a large factor in the total losses. 
Fig. 1 shows a common arrangement having six sheaves in the 
overhead work and one vibrating sheave just above the drum. 
This sheave, in addition to revolving, is allowed to travel horizon¬ 
tally on the shaft, so that it will be directly above the groove 
in the drum on which the rope is wound. As the rope winds 
on the drum, it travels back and forth across the face of the drum. 
Sometimes it is necessary to set the elevator back from the shaft 
and use two vibrating sheaves, one for the car ropes and one for 
the drum weight ropes. It will be evident to any engineer that 
the friction depends upon the number of sheaves, it also depends 
upon the load on the bearing of the sheave. There is a further 
loss due to the bending of the rope as it changes from a straight 
line to a curve in passing over the sheave, and again, as it changes 
from the curve to a straight line on leaving the sheave. This 
loss is proportional to the diameter of the rope divided by the 
diameter of the sheave. For this reason, large sheaves should 
be used wherever possible. 

The arrangement shown in Fig. 2 is sometimes possible and 
when used, gives the least sheave and rope friction. If the car 
weight is omitted in the Fig. 2 arrangement, we do away entirely 
with sheave loss and the only rope loss will be due to the bending 
around the drum. 

Occasionally the rope is led around sheaves so as to bend the 
rope back on itself something in the form of the letter S. This 
gives a considerable bending friction on the rope, and, in addition, 
is very bad for the rope as it causes excessive wear. 

With a careful arrangement of sheaves and by using large 
diameters, these losses can be kept down to a comparatively 
small value, but it can be readily seen that these losses may be 
considerable with a poor arrangement. 

We have now traced the losses from the car and counterweight 
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back to the winding machine. The winding drum is usually 
driven by worm gearing immersed in an oil bath. There are 
a number of systems for cutting this worm gearing. The angle 
of the worm may also be varied over a considerable range. We 
can have a single, double, or triple threaded worm. Uusally 
the greater the angle of the worm, the greater the efficiency. It 
is, however, the practise of elevator builders to keep this angle 
small so that the car will not overhaul from rest. 

It is very necessary that the worm and worm wheel be accur¬ 
ately machined, and with some systems of gearing, the worm 
must be very accurately adjusted for meshing with the worm 
wheel. There seems to be a prevailing idea that the continual 
wear of the two elements will reduce the friction and improve 
the efficiency. This is only true to the extent that roughness 
due to machining may be worn off and the surfaces polished. 
If the gearing is not correctly cut, the wearing away of part of 
the material is very unlikely to shape the teeth in the proper 
way. This is as true of spur gearing as it is of worm gearing 
and it is a well known fact to those who have made a study of 
the subject. 

The worm exerts an end thrust unless two interlocking worm 
gears are used. This thrust on the single worm gear must be 
taken up on a thrust collar, which is often ballbearing or roller 
bearing; it may, however, be hardened steel disks or bronze 
disks, depending upon the design of the machinery. The dif¬ 
ference in friction between a good ball bearing end thrust and 
an ordinary disk end thrust is considerable. 

Lubrication forms a very important element in the gearing. 
If the oil is too thin, or is not properly applied, the gears will 
cut. If the lubricant is too viscous, it causes a loss due to the 
added effort required to turn the worm. The material from 
which the worm and worm wheel is made will make considerable 
difference in the friction. 

Manufacturers usually operate the worm gearing ^ before 
shipment sufficiently to rub off the tool marks and get it in good 
condition, so that the elevator gearing at the time of installation, 
should operate near its maximum efficiency. 

In selecting a motor to drive an elevator, we must first know 
the net weight to be lifted and the .speed at which it is to be lifted. 
This gives us the h. p. expended at the load. The total efficiency 
of the machine is then approximated and the rating of the motor 
determined. The speed of the motor operating at the above load 
will be the full load speed of the motor. Some designs of motors 
have a considerable variation in speed between no load and full 
load, so that the no load speed of the motor should not be used; 
this is particularly true of squirrel cage induction motors. The 
ratio of motor revolutions at full load to drum revolutions is 
the gear ratio. This fixes the number of teeth in the worm 
wheel and diameter of drum. Where double or triple threaded 
worms are used, one-half or one-third of the total number of 
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teeth in the worm wheel should be taken in figuring the gear 

When the elevator car is at rest, it will require about double 
the mnning torque to start the load from rest, as the static 
friction is about double the running friction. The power re- 
Q^dred to accelerate the load can be neglected unless the speed 
of the car is high, such as 500 or 600 ft. per min. For low-speed 
passenger and freight service, the limiting characteristic of the 
motor is usually the starting torque; the motor being in service 
for such a small percentage of the time that the heating is not 
an important feature. The motor that will start the load with 
the least amount of current from the line is the desirable motor. 
This desirable starting characteristic is usually obtained at the 
sacrifice of efficiency and regulation. For higher speed service 
these last two considerations cannot be neglected. 

Efficiency is not an important item where the operating is 
infrequent and regulation is not important for low car speeds. 
In considering speed regulation, it must be remembered that the 
motor may act as a generator in lowering the load and, therefore, 
the difference in speed of going down with full load and going up 
with full load, will depend entirely upon the regulation of the 
motor. _ With a car speed of 300 ft. per min. much closer speed 
regulation is necessary than with a car speed of 100 ft. ppr min. 

The d-c. elevator motor is usually compound wound and the 
controller is arranged to short circuit the series field winding 
when the motor reaches full speed. With this type of motor, 
the speed regulation is very good. The same ma}^ be said of 
the adjustable speed motor which is shunt wound and has a speed 
variation due to change in the strength of the shunt field winding. 
The Ciuestion of regulation seldom becomes important with the 
d-c. motor when used in connection with a geared machine. 
Where this motor is used on a direct traction elevator running 
at 500 or 600 ft. per min., the regulation is one of the controlling 
features of the design. 

For a-c. power, the choice between squirrel cage and slip ring 
motors is often one of regulation. Either motor can be given 
good starting characteristics by designing the secondary circuit 
with the proper amount of resistance. The squirrel cage motor 
must operate at full speed with this same resistance, so that it 
has a considerable slip often as high as 20 or 30 per cent. The 
slip ring motor is provided with a controller for short circuiting 
the secondary resistance during acceleration, so that the slip 
at full load may be as low as 3 per cent or 4 per ^ cent. _ The 
squirrel cage motor is preferable on account of the simplicity of 
the controller, but it is limited to low-speed elevator work on 
account of this large variation in speed. 

On account of the secondary resistance of the squirrel cage 
motor, the full load speed is less and the gear ratio between the 
motor and the drum must be higher than for the slip ring motor 
having the same number of poles, in order to give the same car 
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speed. This means that for a given h. p. motor with equal 
number of poles, the slip ring motor will not be required to de¬ 
velop as much torque as the squirrel cage motor. The squirrel 
cage motor, however, gives a better torque per ampere input than 
the slip ring motor on account of the design characteristics. 
These two conditions about balance each other so that with a 
properly selected motor and correct gearing, the same load can 
be started with about the same ampere input to the motor. 
This analysis is very important as we frequently hear advocates 
of one motor or the other claim superiority in starting charac¬ 
teristics. Usually the actual results are obscured by the use of 
improper gearing or by variations in the total efficiency between 
the motor and the car. It is necessary for elevator builders 
to have a limited number of gears for each size of machine and 
the architect is often restricted in his design of the building so 
that the elevator cannot always be installed for the maximum 
efficiency. There is also difference in workmanship and materials 
used so that it is not fair to compare two installations without 
having analyzed all of the facts. 

The problem of stopping an elevator car is much more serious 
than that of acceleration. The motor may be acting either as a 
motor or as a generator, depending upon the direction and amount- 
of the load. When the car reaches the top and bottom floors, it is 
necessary to stop the elevator automatically so that an accident 
will not occur due to the carelessness of the operator. The 
distance the car can travel beyond these floors is called the over¬ 
travel and is usually very limited. With low-speed elevators 
it is not difficult to stop the car as the energy required is pro¬ 
portional to the square of the speed. When the d-c. motor is 
used, a fixed low speed can be obtained by strengthening the 
field of the motor and by placing a shunt resistance around the 
armature. The motor is also used as a generator for dynamic 
braking in bringing the load to rest. This enables the engineer 
to apply the d-c. motor to high-speed elevator service with 
excellent results. The d-c. elevator has been used for the longest 
travel elevators installed, operated at the highest speeds; in 
fact, there are installations where only an electric elevator could 
be used. 

The use of an a-c. motor for high-speed elevator service has 
presented a difficult problem. The motor as usually built, has 
only one fixed speed. The car must, therefore, be brought to 
rest by the mechanical brake from the maximum speed. This 
places a limit upon the speed of the elevator. Elevators of this 
kind are usually limited to 200 ft. per min., although higher 
speeds have been used in some instances. Recently, some 
induction motors have been built having two sets of poles in the 
primary; one set of poles for full speed and one set of poles, giving 
one-third speed. The secondary also has two sets of windings. 
This enables the engineer to arrange for a fixed low speed from 
which to make his stops and has materially increased the limit 
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of car speed for which an induction motor-driven elevator can 
be used. 

To summarize: The total efficiency of electric elevators may 
vary over a considerable range, from as low as 25 per cent to 
over 75 per cent, depending upon the design, workmanship and 
arrangement in the building. The losses may be separated under 
the following headings: 

1. Friction of car and counterweight on guide rails. 

2. Bearing friction of sheaves. 

3. Bending friction of ropes. 

4. Efficiency of worm gearing. 

5. Efficiency of electric motor. 

Item 5 affects the power bill only and is not important where 
the operation is infrequent. Items 1 to 4, inclusive, influence 
the size of motor used as well as the power bill. It is to the 
advantage of the purchaser to keep down the size of his motor. 
A large motor is less efficient on average loads, and increases 
the strain on the machinery and the first cost of the elevator. 

Individual Motor Drive as Used in the Oil Flotation 

Process 

W. M. Hoen; One of the most important of the latest appli¬ 
cations of motor drive as applied to the metal mining industry is 
found in the oil flotation process. There are several variations 
of the flotation process in use, but this application refers specifi¬ 
cally to the mechanically agitated type as used in copper and 
zinc mining. 

In the treatment of copper ores the solutions are generally 
worked cold, while in treating zinc ores it is found advisable to 
work the solutions hot. Due to the violent agitation the air 
above the tank is always filled with a very fine spray. In mills 
using the hot solution method the air is heavily laden with mois¬ 
ture, unless removed by fans. 

The tanks or cell boxes are approximately 2 by 3 feet and are 
assembled in groups of from 8 to 16, depending upon the class 
of ore being treated. During the development of the process 
crossed belts constituted the original method of drive. They 
were successful for the small experimental machines but when 
applied to commercial work were not satisfactory. In the zinc 
mills, due to the excessive moisture, they were found to be an 
absolute failure. The next step was to use a bevel gear driving 
each cell of the unit from a common shaft. In practise this 
method was partially successful but a great many difficulties 
were at first encountered. The friction losses were high until 
cut gears were used, which were completely enclosed so as to run 
in oil. The thrust caused by the weight of the gears, shafting 
and propeller caused considerable trouble. Any slight difficulty 
with one unit which would cause a shut-down, reduced the mill 
tonnage by an amount equal to the output of the total group of 
cells. Expensive thrust collars of the ball bearing type were some- 
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times used in order to improve the mechanical operation. About 
the end of 1913 this process was so well advanced that the mill 
operators decided that a more efficient and flexible system or 
drive was advisable. 

Practically all of the agitators in successful operation were 
running at a speed of 265 rev. per min. The application of 
vertical motors, one to each tank, appeared to be the best solu¬ 
tion. However, practically all of the metal mines in the West 
have 60-cycle power, so that a direct-connected motor to run at 
this speed is almost an impossibility, from a design and commer¬ 
cial standpoint. The original process started out with an 
agitator running at about 3 rev. per min. Development had 
brought this speed up to 265 rev. per min. and the only apparent 
reason for this definite speed was that with the design of propeller 
in use the most efficient results were obtained at ^this speed. 
Experiment had shown that each tank would require between 
7 and 10 h.p. A three-phase induction motor built for this 
rating at 60 cycles does not give good performance nor reasonable 
manufacturing costs if built for more than 12 poles. It was de¬ 
cided that a 12-pole motor of the vertical type would be the best 
proposition as standard parts would be available. This meant 
that the agitator must run at a speed of 570 rev. per rnin. The 
problem now was for the metallurgists to devise an agitator cm 
and propeller which would give the desired results at this speed. 
These results were very successful and this speed has now become 

practically standard. _ _ ' i j 4 .- i 

The motor as finally applied consisted of standard vertical 

parts with a special sub-base and bearing. This sub-base was 
designed in conjunction with the agitator cell. The lower 
bearing was practically a standard although of extra large size. 
The shaft is threaded so as to take a screw coupling and the 
propeller is mounted on a short piece of shaft which is coupled 
to the motor shaft and prevented from locking by a small block. 
This makes a very strong, compact and simple construction so 
that an additional bearing is not required. The vertical bearing 
must be capable of supporting the additional weight of the pro¬ 
peller, its shaft, and a downward thrust due to the action of the 
propeller. The excessive moisture condition made it advisable 
not to permit circulation of the air from the top of the tanks up 
through the motor windings. This was prevented by providing 
an enclosing plate in the sub-base. In a motor of this rating 
and number of poles, its over-all size is such that nearly all of 
the heat due to the losses is given up by radiation and not hy 
convection. In order to prevent injury to the windings during 
periods of idleness it was necessary to impregnate them with a 
moisture-resisting varnish. Each bearing is lubricated inde¬ 
pendently; the oil inlet pipe for the lower bearing is cored in the 
base. A pipe, as ordinarily used, would be quickly destroyed 
by action of the metallic particles. 

The design of agitator cell and propeller finally _ adopted 
requires 10 h.p. when operating under normal condition. A 
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change of metallurgical conditions will cause this to vary from 7 
to as high as 20 h.p. However, it was found that with these 
changes in h.p. the metallurgical results also varied.^ The most 
desirable range was found to be such, that a motor with a normal 
rating of 10 h.p. would have to carry 25 per cent overload con¬ 
tinuously and 50 per cent overload for short periods without 
reaching dangerous temperatures. This overload condition 
only applies to the motors in the series which do the preliminary 
mixing. Some cells are grouped for rougher service, separating 
the higher values, the tailings being reground and treated in 
the finisher cells which give the finished product. However, no 
appreciable saving could be effected by making the motors of 
different capacity, as any saving would be offset by the advan¬ 
tages of having all motors duplicates. 

This process has taken great strides in the last year and a half, 
so that several hundred agitator cells are in operation. At first 
sight it might seem that the application of individual motors is a 
very expensive method. Some of the most important advan¬ 
tages are as follows: 

(1) Each cell is a unit so that one cell may be shut down with 
only a relatively small reduction in mill tonnage. 

(2) Mechanical difficulties due to gears, many bearings, shaft 
alignment and the hazard from belts is entirely removed. 

(3) The operation of each cell can be easily checked by the 
power consumption. 

(4) In the majority of these plants the cost of power^is the 
smallest item, continuity of service and reliability of operation are 
of the greatest importance. In metal mining the use of any 
particular method of drive or type of apparatus is simply a means 
to the end, as the object of the mine and mill is to produce metal. 

(5) The results obtained from the metallurgical end are such a 
great improvement over the water concentrating methods that 
the total mill equipment required is actually less and the labor 
required to handle a given tonnage is reduced. Although this 
process is now being used chiefly to recover values from slimes, 
which values were formerly lost, there are indications that it 
will be used for the total recovery of certain classes of ores. 

The unit drive has proven very successful and shows what 
success can be obtained by the close cooperation of the electrical 
and metallurgical engineers in solving an apparently simple but 
complex power drive. 

Fractional Horse Power Motor Application 

H. F. Boe: Small motor applications fall into four classes 
depending upon the operating period and the variations in load. 

I. Continuously operating motors with approximately con¬ 
stant load. 

2. Continuously operating motors with varying load. 

3. Intermitteni^ly operating motors with approximately con¬ 
stant load. 

4. Intermittently operating motors with varying load. 
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It is usually impossible to obtain data by correspondence 
sufficiently accurate and complete to permit an engineer to 
calculate a suitable motor to drive a certain machine or device, 
on account of the peculiar characteristics of the machines them¬ 
selves as well as the extreme variations in operating conditions 
while in service. 

Most small motor-driven machines are manufactured in quan¬ 
tities sufficiently large to warrant careful tests to determine the 
application. A samplle motor with electrical characteristics 
approximately those required is generally used to analyze the 
application. 

Owing to the policies followed by central stations, 110-volt, 
60-cycle lighting circuits are nearly universal and motors of the 
split-phase type are used to a considerably larger extent than any 
other type of small motor. This type of motor is generally used 
for test purposes. 

Tests. The main readings to be taken on test are: 

1. Volts. ■ 

2. Amperes. 

’ 3. Watts. 

4. Speed of motor. 

5. Speed of machine. 

These should be made for each of several loads, enough read¬ 
ings being taken to represent all actual operating conditions. 

A very careful analysis should be made of: 

1. Starting condition 

2. Normal and maximum load conditions. 

3. Cycle of operation. 

4. Length of operating period. 

5. Method of drive. 

6. Peculiar mechanical or electrical characteristics required. 

Starting Torque. The torque required to start the machine under 

normal and maximum load conditions must be definitely deter¬ 
mined. This can be obtained by reducing the voltage at the 
motor terminals to a value just sufficient to start the machine 
and bring it up to speed. By substituting a Prony brake and a 
scale for the load and measuring the locked torque of the motor 
at the voltage obtained above, the actual starting torque is ob¬ 
tained. This is usually expressed in ounces at one-foot radius. 

Normal and Maximum Torque. The normal load torque can 
be obtained by means of a brake test on the motor at the same 
input found under actual operation of the machine at normal 
load. The maximum torque can be determined in the same way 
if the maximum load is of sufficient duration to read the motor 
input. If this, is not the case it can be obtained by reducing the 
voltage at the motor terminals to a value just sufficient to carry 
the maximum peak load. By substituting the Prony brake for 
the load and measuring the pull-out torque of the motor at the 
reduced voltage obtained above, the actual maximum torque is 
determined and is expressed in the same terms as the starting 
torque. 
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Temperature 

The temperature rise of the motor for normal operating load 
should be determined by actual test and the overload conditions 
and the possible temperature rise under overload taken into 
consideration. Where feasible these heat runs should be made in 
connection with the driven machine, since this method more 
nearly gives the actual operating temperature. However, where 
this is not feasible, temperature test on the motor may be taken 
in some more convenient way and still approach operating 
conditions. 

Methods of Drive 

The method of drive determines largely the speed of the motor 
selected and likewise the mechanical characteristics of the 
frame, brackets, shaft and bearings, and therefore is of vital 
importance in the application of the fractional horse power 
motor. 

Belt. Where round or flat belts are used the ratio of pulleys 
should be such that the motor pulley will be of normal size. 
The distance between pulley centers should be great enough to 
eliminate excessive belt tension, or if this is impossible an idler 
pulley should be used. Small motor pulleys and short belt 
centers are sometimes used successfully on very small machines 
where the load and starting conditions are comparatively light, 
but ordinarily idler pulleys are desirable where the pulley ratio 
is large and the distance between the belt centers small. 

Spur Gears. Numerous small motors are connected to the 
driven devices by means of spur gears. This gives a very posi- 
ti'^e drive and excellent results are obtained. In general, it is 
desirable to keep the gear ratio 5 to 1 or less, but some small 
motor driven machines use successfully gear ratios considerably 
in excess of this. A careful analysis should be made of limiting 
pinion sizes before gear ratios exceeding the above are used. 

Bevel Gears. If the motor drives the machine through bevel 
gears the best results on Small machines seem to be obtained 
where a ratio of 2 to 1 is not exceeded. However, in some cases 
ratios as high as 3.5 to 1 have been used successfully, depending 
on method used in manufacturing gears. This drive is positive, 
but there is always some end thrust which must be taken care of 
in a way which will not cause undue wear on the motor bearings. 

Silent Chain. If large reductions in speed and only a short 
space between motor shaft and machine shaft is available, a 
silent chain drive may work admirably, since large ratios of 
sprockets and short chain centers are permissible. This makes 
a very good positive drive. 

Worm Gear. Worm gear drive is used extensively and large 
reductions in speed are obtained. Where this drive is encount¬ 
ered care should be taken to see that the worm thrust is properly 
taken care of. In general, the worm should have its own thrust 
bearings which must be large enough to take a thrust equal to 
the maximum torque of the motor. 
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Friction. Where friction drive is used careful measurements of 
the thrust on the motor shaft should be made. If any thrust 
is found it may be necessary to equip the motor with special 
thrust bearings. This method of drive is used largely where it 
is desirable to get an adjustable speed with a constant speed 
motor; for example,' moving picture projecting machines. 

Direct Connection. When motors are to be directly connected to 
the load the method of mounting should be noted. The distance 
between center line of shaft and base should be determined and 
the amount of permissible variation specified. The distance 
from center line of motor to end of shaft extension, the length 
and diameter of the shaft extension and whether the motor has to 
take care of end thrust must also be investigated. This method 
of drive is being used with excellent results. Sometimes rigid 
couplings are used, but in general, flexible couplings are more 
desirable. 

Mounting 

A careful analysis should be made of: 

1. Method of drive. 

2. Method of mounting—Is motor to be arranged for floor, 
wall, ceiling or vertical suspension? 

3. Location of the motor with respect to machine it drives. 

4. Limiting space available for the motor. 

5. Limiting manufacturing dimensions in regard to distance 
from center line of shaft to base, and center line of motor to end 
of shaft extension. 

Choice of Motor 

A-C. Single-Phase. Having determined the mechanical and 
electrical characteristics of the motor required to drive success- 
fully the machine in question, there are various other features 
to be taken into consideration before definitely recommending a 
motor. 

x4n allowance must be made for: 

1. Variations incident to manufacture of machines in quantity. 

2. Variations incident to manufacture of motors in quantity. 

3. Minor variations in voltage. 

4. Minor variations in frequency. 

Since the torque of a motor at starting varies approximately 
as the square of the voltage, it is imperative that a motor be 
selected that will start against the worst possible conditions. 
This is due to the fact that they are generally connected to light¬ 
ing circuits where insufficient transformer capacity or light wir¬ 
ing will cause the voltage to drop considerably at times, partic¬ 
ularly when 'starting. This voltage may be reduced to possibly 
80 per cent of its rated value, the starting torque of the motor 
then being approximately only 64 per cent of the torque at full 
voltage. 

The maximum torque of the motor selected must be sufficient 
for the worst load condition to which the machine will probably 
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be subjected at a voltage at least 10 per cent below nomial rated 
voltage. 

The rnotor should be capable of operating on a circuit with 
a variation of 10 per cent plus or minus in frequency, 10 per cent 
plus or minus in voltage, or an equivalent combination of voltage 
and frequency. 

No-Clutch Motors. Under light load starting conditions and 
where the motor runs for long periods of time at constant load, 
motors without clutches should be used. Motors rated i h. p! 
and below are usually built without clutches, since reasonable 
starting torques are obtained without objectionable starting 
current. 

Clutch Motors. Clutch motors are designed so that when start¬ 
ing, the rotor revolves freely on the shaft. When nearly full 
load speed is reached the clutch operates automatically by centri¬ 
fugal force and engages the shaft through the clutch. With 
a properly designed clutch the load is then accelerated smoothly 
and without shock. This type of motor develops practically 
maximum torque at starting and requires starting current which 
is less and also of shorter duration than in the no-clutch motors. 
(See Fig. 2, Mr. Lester’s paper.)* It is desirable to use clutch 
motors where high starting torque is required and particularly 
so when high starting current is objectionable. 

Repulsion Induction Motors. Repulsion induction motors 
should be applied where the initial starting .torque required is 
very high and the torque drops oh very rapidly during acceler¬ 
ation. At the instant of changeover from repulsion to induction 
running the torque does not exceed a small fraction over full 
load torque. A typical application of this motor would be a 
deep well pump. (See Fig.-T, Mr. Lester’s article.)* 

Odd Frequency Motors. Having selected a suitable 60-cycle 
motor, it may be necessary to line up suitable motors to operate 
the machine on other irequencies from 25 to 133 cycles since 
lighting circuits of other frequencies are sometimes encountered. 
If these motors are to drive the machine at the same speed as 
the 60-cycle motor and proper gear or pulley ratios are made to 
take care of the variations in speed of the odd frequency motors, 
it is necessary to furnish proportionate torques on these machines. 
If it is the intention to use the same pulleys or gears, the motors 
will have to have the same torques as the 60-cycle, which in some 
cases will increase the horse power while in others it will de¬ 
crease the horse power of the motor, depending upon the number 
of poles and the frequency of the motor. 

D-C. Motors. Having obtained the characteristics of the a-c. 
motors the d-c. motor should be selected having as nearly the 
same mechanical characteristics as possible. 

Shtint-Wound Motors. If the motor starts with light load and 
runs at practically constant speed with constant or variable load, 
a shunt-wound motor should be used. 


*Page 681, this volume. 
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Compound-Wound Motors. If high starting or maximum torque 
is required and a slight variation in speed with variations in load 
is permissible, compound-wound motors should be used. Usually 
motors below |-h.p. can be supplied shunt-wound.' 

Series-Wound Motors. Where exceptionally high starting 
torque is required, where the load is constant or where a large 
variation in speed with a small variation in load is permissible, 
series-wound motors should be used. . Series-wound motors, 
however, should always be connected to the load through a 
positive drive. 

Universal Motors. The so-called universal motors are designed 
to run on either alternating or direct current and have series 
motor characteristics. These motors are high speed and used 
almost exclusively on portable electric drills and small fan type 
vacuum cleaners. 

Open or Enclosed Motors. If motors are to be used in a damp 
or dirty place, where they may be subjected to water, acid fumes, 
or where they are in close proximity to inflammable material, they 
should preferably be enclosed. It is desirable to mount all 
motors where they get the maximum amount of ventilation. 

Printing Presses 

Wm. C. Yates: In the printing industry, the electric motor 
finds a most important field of application. In fact,- the motor 
is indispensable, as it furnishes the ideal drive for the various 
machines in a printing plant which in no modern establishment 
or one _of any consequence are operated by any other means. 
The chief factors favoring motor drive as compared to any other 
driving means are: 

No obstruction to light by overhead belting and shafting. 

Cleanliness. 

Quietness. 

Convenience of location. 

Saving of floor space and headroom. 

Economy of power. 

Wide range of speeds. 

Convenient control. 

Protection to the operator. 

Economy of time—Reliability. 

■ factors may be recognized as applying to almost any 
kind of machinery equipped with individual motor drive. There 
are no machines, however, to which the speed range, convenience 
of control, and reliability of the electric motor are of greater 
importance than to a printing press, especially one producing a 
daily newspaper. , 

In the general book, pamphlet and job printing industry 
motors are applied to composing machines, printing presses 
folders, cutters, stitchers, and binding machinery. I'n news¬ 
paper printing plants, niotors are used on composing machines 
matnx and plate making machines, printing presses, paper 
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hoists and conveyers and exhaust fans. For all machinec; witi, 
the exception of the presses and folders the selection of a suiteMe 
motor IS a relatively simple matter and no special feateefof 
control are involved For the most part, constant speed mSo?s 
are employed and the control may be an ordinary tod st2?2 
or in cases where remote control is desired, a self starter may £ 
used winch is operated from one or more push button stations 
Where the work necessitates theuse of an adjustable speedmotor' 

a manually operated speed controller will usuaUy Lswer the 
purpose. 

The advantageous characteristics offered by the electric 
motor apply to all the power driven machinery in the printinv 
plant but especially to the presses, which require features of 
drive and control that nothing else can offer. In the followin? 
are taken up the several broad classes of printing presses with 
a brief discussion of the types of motors applicable in general 
to each class and of the features entering into the proper control 
of the motors. 

The various types of printing presses fall into three general 
classes: , 

Small platen presses, ordinarily called job presses. 

Flatbed cylinder presses. 

Rotary presses. 

• Pfesses. These, used for printing cards, circulars, small 
jobbing and commercial work, have a type bed and impression 
platen which are both flat surfaces. The type form is held 
stationary, and approximately vertical, while the platen on which 
the paper is placed swings up to meet it. Hand sheet feed is 
the rule, though automatic feeds are sometimes used. 

The general run of job presses require motors ranging in 
capacity from | to h. p. The motors are generally best 
mounted on the floor and arranged for belt drive to a fairly large 
press pulley. Friction drive, using a friction pulley bearing 
against the flywheel, is also used. 

The control requirements are simple. On d-c. circuits a 
shunt motor is employed usually controlled by a no-voltage- 
release speed regulating rheostat in the armature circuit. The 
small sizes of the motors used make permissible control of speed 
by armature resistance as the wastage of power is inconsiderable, 
especially as the motors are usually run at or near normal speed. 

There are applications, where the speed of production is of 
prime importance, where a push-button-operated controller, 
providing predetermined speed setting, gives the best results. 

On a-c. circuits the best results are obtained by the use of a 
commutjitor type single-phase motor. Such motors are avail¬ 
able,_ designed for speed control by brush shifting and with the 
vShifting mechanism arranged for foot operation. 

Flatbed Presses. These have the type forms carried by a 
heavy, rigid platen sliding back and forth in "ways,” similar 
to the bed of a metal planing machine. At each pass the type 
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passes under the impression roll at one end of its travel, and under 
the inking rolls at the other extreme. There are several classes 
of flatbed presses differing in the relative motions of the cylinder 
and platen, although in all types the impression cylinder alwa^^'S 
revolves in the same direction. 

Flatbed presses are employed for sheet printing and are gen¬ 
erally used for color work. The feed may be either hand or 
automatic. 

The ideal location for motors is within the frame of the press, 
on brackets. Belt drive is preferable to gear or chain drive as 
the slipping of the belt serves as a protection against shocks to 
the motor and machinery. The motors required range in ca¬ 
pacity, for different makes and sizes of presses, from 1^ to 15 h. p., 
and must be capable of exerting a strong starting torque, for 
which reason the d-c. motors are usually compound-wound with 
about 20 per cent series field. The a-c. motors used are for 
two or three-phase circuits and are of the slip ring type. 

The ordinary requirements of speed variation are met by 
providing the d-c. motor with 50 per cent reduction by armature 
resistance, and with field control giving a 25 or 50 per cent speed 
increase above normal. In the case of the a-c. motor, regulating 
resistance is furnished which permits of a speed range down to 
50 per cent of normal. Ordinarily only the higher speeds are 
in requisition, the lower speeds being required for occasional 
jobs where an extra high grade of work is involved. 

The ideal control equipment provides for push-button starting 
and stopping and for predetermined speed control. The ability 
to start or stop the press from stations at both the feeding and 
delivery ends makes for greater convenience and safety to the 
operator and is an important factor in the saving of time. The 
predetermined speed feature makes possible the proper setting 
of the ultimate speed for the work in hand so that when the press 
is producing it will run at that speed. Thus is avoided the wast¬ 
ing of time by reason of running too slow, as also the spoiling 
of work from running too fast. Furthermore, it becomes pos¬ 
sible to work to a definite schedule of production, which is of 
great importance to the printer. 

Other features of the control equipment are: 

No-voltage protection to motor and to operator. 

Overload protection to the motor. 

Dynamic brake or solenoid brake for quick stopping. 

"Jogging” or "inching.” 

Reverse for emergency conditions only. 

Recent developments in control equipments for use with a-c. 
motors incorporate all of these advantageous features.. The 
essential difference is that dynamic braking is, in the nature of 
things, out of the question, and a solenoid^ brake is used. The 
results, however, are identical. 

Lithographing Presses. The lithographing press differs from 
the ordinary flatbed press in that it prints from an engraved 
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Stone instead of from type. _ In its various makes and sizes it 
takes motors ranging in capacity from 2 to 10 h. p The require- 
ments as to the types of motors, speed range, and control features 
are the same as for the general run of flatbed presses. 

Rotary Presses Rotary web presses, used largely for magazine 
or newspaper work, employ curved stereotype, electrotype, or zinc 
printing plates, attached to the cylinders. They print a con- 
■inuous roll or web of paper, which allows a much faster speed 
automatic feed applied to flatbed presses. Due 

elimination of heavy reciprocating 
parts, this type of press is superior in point of speed. 

bmall rotary presses, which may print either on a continuous 
roll or on automatically fed sheets, are used for work similar to 
that performed by job presses and flatbed presses. The motors 
lequired range in capacity from 2 to 15 h.p. and the types of 
motors and the control features are essentially the same as for 
the job and flatbed presses doing similar work. 

Rotary Magazine Presses. The sizes of rotary presses used for 
magazme printing require motors ranging in size from 5 to 35 
h.p. The d-c. motors employed are compound-wound and of 
the adjustable speed type with speed range by field control of 
2:1, although occasionally a speed range as high as 3:1 is of ad¬ 
vantage where the work which the press turns out is of widely 
varied quality, When a-c. motors are used they are of the slip 

ring type with speed control by resistance in the secondary cir¬ 
cuit. . • ^ 

A - . • j 1 1 4 . 


A suitable control equipment may be either “full automatic’’ 
01 ^mi-automatic, although the former is the more convenient 
to the pi ess operators. By “full automatic” is meant entire 
control fiom push-button stations. Each complete master 
station, of which there may be one or more, contains push-buttons 
fast, slow,’ “stop,” and a two-button-operated 
snap switch for “safe-run. ” Partial stations, of which there may 
be several, usually comprise “jog” and “safe-run”. 

fl he various contactors and other remotely controlled switch¬ 
ing mechanisms actuated by the push buttons are mounted 
on a panel together with'«.the knife-blade line switches, fuses 


and whatever instruments may be desired. The panel and 
lesistances connected thereto may be placed in any available 


space as the complete control of the press is accomplished from 
the stations and the only devices on the panel ever manually 


operated are the line switches. 

Pressing the “jog” button will cause the press to run at a very 
low speed as long as the button is held closed. When the button 
is released the press instantly stops. Pressing the “fast” button 
will start the press off at the lowest speed and gradually acceler¬ 
ate it toward the highest running speed as long as the button is 
held down. When the “fast” button is released the press will 


-- - VV J.XX 

run at whatever speed it has attained, Pressing the “slow” 
button causes the press to decrease in speed. The “stop” button 
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is used to bring the press to a quick stop. The “safe-run” but¬ 
tons permit of opening the control circuits at any one station 
so as to prevent the starting of the press from any other station. 

Whether the press be stopped by release of “jog” button or 
operation of “stop” or “safe” buttons, the brake comes instantly 
into effect and quickly brings the machinery to rest. 

A “semi-automatic” control equipment differs from the 
“full automatic” in having a manually operated device for bring¬ 
ing the machinery up to running speeds. The “jog,” “stop,” 
and “safe-run” features are, however, controlled by push-but¬ 
tons exactly as in the “full automatic” equipment. 

, The equipments for induction motors accomplish much the 
same results as those for d-c. motors. The advantage in favor 
of the d-c. motor lies in economical producing speeds over a wide 
range. When the producing speed is to be at or near synchron¬ 
ous speed the induction motor offers no disadvantage whatever. 

Rotary Newspaper Presses. The great advantages of motor 
drive as compared to any other drive in the case of rotary presses 
lie in: 

Economy of space—Crowded conditions usually prevail in 
a newspaper plant. 

Convenience of control—From several stations and by quickly 
operated devices. 

Safety—^All is hurry and bustle and the press operators must 
be protected against carelessness. 

Delicacy'of-control—The web of paper must be slowly fed 
in while making ready and gradually accelerated to the full 
running speed. 

Reliability—The loss of an edition is a serious matter. 

Some small newspapers are produced by single motor-driven 
rotary presses in which case the equipment is the same as de¬ 
scribed for the rotary magazine presses. 

The larger newspapers, however, are run off from rotary presses 
which have a two-motor drive. A small motor is used driving 
the press through gearing to obtain the make-ready, low speeds. 
A large motor is used to obtain the high producing speeds. When 
the large motor takes up the work the small motor is electrically 
and mechanically, automatically disconnected. 

The motors required range in capacity from a 3-h25-h.p. to a 
lO-blOO-h.p. combination. A speed range of 2:1 by field and 
50 per cent reduction by armature is usually provided in the 
large motor of the d-c. combination. The running speed range 
of the induction motor combination is from normal down to 
about I normal. In either case the ordinary producing speed 
is usually figured at about 75 per cent of the ultimate possible 
speed in order to allow for contingencies of delay. 

The control equipment for the two-motor drive is almost 
always of the “full automatic” type and the same features of 
control are incorporated as already described. The push button 
stations are the same as for single motor drive, but the control 
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panel naturally contains a larger array of devices 
fact that both the small and farge 

m proper sequence. ^onrroiiea and 

A modern newspaper press room equipment mav 
motor a-c. drive. The press may be quadruple or dnnhU i a 

unit, capable of printing 30,000 16-page papers or 1 ^ 0^00 

non ^^o^^oing speeds vary from 20’ 

000 to 36,000 papers per hour, of 12 pages per paper up to 32 

pages. Presses even larger and faster have been built ^ 
Motor Applications of the Brick Manufacturing Industry 

T. Z. Simpers: The brick manufacturing industry, including 
building, paving, ornamental and fire brick, tile, sewe^ pipTSc 
has an annual production of $200,000,000 in value Aooroxi’ 
mately 100,000 h.p. is required to make this product ^which 

Sindpoinr industry from a power application 

Brick manufacturing plants are located in all parts of the 
country supplying product for local consumption, and there are 
tew central stations that do not have one or more, either as 
customers or prospects. _ The load offered by these plants is 
attractive to central stations,^ on account of the fact that during 
cold weather the brick plant is usually shut down, meaning that 
the power requirements occur mainly in the summer, when the 
central station load is othenyise at its lowest point. Owing to 
the fact that the power requirements for brick plants are small, 
ranging from 75 to 500 horsepower, and consequently the genera¬ 
tion of their own power rather costly, power can usually be pur¬ 
chased to good advantage. 

. _ The geneial conditions surrounding the application of motors 
in biick manufacturing plants are among the worst encountered 
in any industrial service. These unfavorable conditions are: 

1. Severe starting requirements—due to inertia of driven 
machinery and to material in machinery hardening when at rest. 

2. Severe overloads—due to irregular feed of material. 

3. ^ Dusty atmosphere about plants and presence of dampness, 
causing collected dust on the motors to become cemented to the 
windings, resulting in insulation strains and interference with 
ventilation. 

4. The use of gears of large pitch and high pitch line speeds 
resulting in severe vibrations. 

5. Lack of careful and intelligent inspection of machinery. 

Good service is obtained with these conditions only when 

careful consideration is given to the application of each individual 
machine. Before deciding on the motor size, type, and method 
of connection to the clay working machines, it is important to 
analyze the following points: 

1. Starting conditions, including the amount and varfation 
of torque required and the frequency of starting. 
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2. Running conditions, including general nature of work to 
be performed and the variations in load for various rates of. 
production. 

3. Mechanical conditions of application. 

It is necessary that motors applied in brick manufacturing 
plants should have generous starting and running characteristics, 
bearings dust-proofed, windings impregnated against moisture, 
The motors should be carefully installed with respect to align¬ 
ment with driven machines, and drive connecting to same. The 
requirements vary greatly in different plants, and are materially 
affected by the general design of the plant, methods of operation, 
and the nature of the material wmrked. 

To .provide for the severe starting and running conditions, 
there is a tendency to select motors larger than necessary. The 
result of the low load factor caused thereby is low power factor 
and low efficiency of the individual motors. 

The advantages obtained by the application of motors in 
brick plants are briefly as follows: 

1. Economical Arrangement of Plant. The various depart¬ 
ments of the plant can be arranged to the best advantage by 
the application of individual motors or motors driving small 
groups of machinery, which is in contrast with the complicated 
arrangement required by a single driving unit. 

2. More Efficient Operation. This is accomplished by the re¬ 
duction of losses in line shafts and belts and by the restriction 
in operation to those machines actually required by the work. 

3. Protection against Dangerous Overloads ol driven machinery 
afforded by simple control. 

4. Increased Oiitput. This is accomplished by the greater 
continuity of service, and the constant speeds of machinery 
afforded by individual drive. 

One of the points of importance in the consideration of the 
change over from steam to -electric drive is the method of drying 
the brick. In those plants where heat exhausted from the kilns 
is used for drying the brick, or where drying tunnels are heated 
directly by coal or gas, no change is necessary. However, when 
exhaust steam is used, it will probably be of advantage to con¬ 
sider some other method of drying, in order to eliminate the use 
of boilers for this purpose only. 

While in some cases water or oil is used for lubrication of the 
die of the brick machine, in some plants the use of steam for this 
purpose has proven of advantage and in such cases, can be 
secured by a small boiler located adjacent to the brick machine. 

The decision must be made as to whether group or individual 
drive of machinery would-be the better. For plants with storage 
facilities between the various departments, and the machinery 
scattered, individual drive will usually be of better advantage, 
while for plants with all machinery inter-dependent and grouped, 
group drive would be better. 

A-c. motors are almost without exception used by clay 
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working plants, because of the extensive use of central 
power. This type of motor possesses the advantages of fvfater 
simplicity and less parts to be damaged by dust and damnness 
as compared with the d-c. motors. 

The progress of material through a brick manufacturinc^ 
plant _involves the following applications. 

Hoist or conveyer from quarry to plant. 

In large plants, noth a long haul, the clay is transported by 
an industrial railroad. An economical method is by means cS 
a motor-operated transfer car or locomotive, which mav be 
operated by alternating or direct current from overhead trolley. 
The loose material and large amount of dirt around a plant of 
this kind, makes the third rail system undesirable. 

_ The material may be dumped into storage bins or conveyed 
direct to crushing or disintegrating machinery after reaching 
the plant. In case the raw material is shale or rock, crushers 
and dry pans are usually used, while for soft and stiff mud, 
refining rolls or various forms of pulverizers are used. 

Where the material is located a short distance from the plant, 
a convenient arrangement is to control the hoist or conveyer 
and the crushing machinery from the same point. 

The usual drive for the conveyor from the storage is by belting 
from the motor driving the crushing machinery, although in 
some cases it is more convenient to use an individual motor. 

Crushing machinery is usually of such type that belting is 
the most suitable method of applying motors, although some 
types of crushers operate at suitable speeds for direct coupling 
of the motors. Motors wi'th good starting and pull-out torque 
characteristics are required by all types of crushing machinery. 

Dry pans are usually driven by constant speed motors geared 
to the dry pan shaft. The vibration of this machine is very 
severe and it is advisable that the motor shaft be rigidly sup¬ 
ported by an outboard, bearing. It makes an improved arrange¬ 
ment to provide a flexible coupling between the gearing and the 
motor as this prevents the transmission of vibration to the motor 
to a large extent. This is especially important with respect 
to d-c. motors. 

An arrangement for dry pan drive has recently been proposed 
whereby the motor is mounted on the top of the pan, and the 
motor shaft is rigidly supported by a pedestal bearing mounted 
upon the frame. Such an arrangement is very compact and 
should, mean a reasonable life to the motor.' 

The pug mill and auger machines may be driven by motors 
belted or geared to the respective machines. Because of the 
large pitch of gears of these machines, considerable vibration 
results, and flexible couplings should be used if the motors are 
geared. The auger machine will require more power than any 
other machine in the plant and may require one-third of the total. 
In making this application, careful consideration should be given 
regarding the starting current taken by the motor and the 
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capacity of the power plant. If there is no clutch between the 
motor and the auger, the motor will be required to start fre¬ 
quently, and if the current taken by this motor is near the ca¬ 
pacity of the power plant, serious trouble from plant operation 
may result, due to excessive drop on the line voltage. In 
smaller capacity machines, the pug mill and auger are often 
combined in one unit, in which case, belting is the usual method 
of drive. 

The cutters, represses and conveyers between the various 
machines require little power and may be driven from the motors 
driving the machines upon whose operation they are dependent, 
or individually by small motors. 

When individual drive is used, the motors are as a rule, geared 
to the driven machinery, offering the advantage of less space 
required and lower maintenance costs. For machines which 
are started without load and are driven by motors 50 h.p. or 
smaller in capacity, squirrel cage motors will give satisfactory 
operation. 

The operation of the pug mill and auger machine is practically 
constant, but an occasional stop is necessary. Under these 
conditions, the machines will be full of material which hardens 
if the shut down is of appreciable length, and if the machines are 
not provided with clutches,_ the starting requirements on the 
motor are severe. For such installations, a wound rotor motor is 
advisable. 

Motors for blowers and exhaust fans will be required according 
to the type of kilns and method of drying used. These machines 
are required to operate 24 hours per . day and for these applica¬ 
tions, central station power can be used to good advantage, as 
it eliminates the necessity of the operation of an auxiliary engine 
at light load at night, as required by engine drive. 

The power requirements for making brick vary considerably 
with the kind of material used, the product made, and the 
methods used for obtaining the product and to approximate the 
power required per unit output, is only possible after the layout 
of the plant is made. 

Thetable on the following page gives anoutlineof the output and 
power requirements of a number of brick manufacturing plants. 

It is to be noted that the soft mud plant making common 
brick requires the lowest amount of power for production. This 

crushing of material is required". 

I he stiff mud plant requires considerably more power than the 
soft mud plant, due to increased power for crushing and the 

toTS SeS 

Considering the power requirements of the individual machines 
tests have shown that 35-40 h.p. is sufficient to drive a9-ft £v 
pan, when working at full capacity. The dry pan is the most 
usual grinding machine used in stiff mud plants. The power 
requirements of auger machines vary considerably, according 
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to their size. For machines of capacities np to 7500 bricks per 
hour, 10 h.p. per 1000 bricks per hour is approximately required, 
while for the larger machines of capacities, 25,000 to 40,000 
bricks per hour, 5 h.p. per 1000 bricks per hour would seem 
ample. The pug mills will require approximately one-half of 
the power required by brick machines of the same capacity. 
The conveyors about the brick plant are a simple mechanical 
proposition, as to power requirements, although 50 per cent 
should be added to the calculated power requirements in order 
to take care of the friction losses. The h.p. requirements of 
fans and blowers must be obtained from the manufacturers 
of these machines. 

Electricity in the Rubber Industry 

E. W. Pilgrim: Rubber as it is received by the manufacturer 
of rubber goods is in two forms, crude rubber and plantation 
rubber. 

Crude rubber is gathered from wild rubber trees by natives 
and is worked up by them into balls about the same shape and 
half again as large as the American football, and before it can 
be used it must be washed to free it from dirt, after which it is 
worked up into sheets and dried. 

Plantation rubber is gathered from cultivated trees, washed 
and dried at the plantation and shipped in the form of sheets. 

The ■ first treatment which crude rubber must undergo is 
washing. The large pieces of rubber are put in a tank of hot 
water and left to soak until softened. This makes it easy to 
free the rubber of dirt during the process that follows. 

The large pieces, after having softened, are first put through a 
“ cracker.” This machine consists of two sets of rolls, both 
corrugated, and is really a rough washer. In this machine the 
rubber is torn up and rolled out into rough corrugated sheets. 
After passing through the cracker several times it is taken over 
to the finishing washer. This machine is the same as the cracker 
except that the rolls have finer corrugations. Here the rubber 
is rolled out into a fairly smooth sheet. Water is kept flowing 
over the material in both the above mills. 

After washing the sheets are dried in a room heated by steam 
pipes or by hot air blown through by fans. A later process 
consists • of putting the sheets in an oven heated by steam 
and from which the air is pumped, making a vacuum. Rubber 
is dried by this process very quickly. 

The power required for driving the various machines in the 
rubber industry varies greatly as, for instance, a washer having 
two rolls, 16 in. diameter by 30 in. in length used in break¬ 
ing down scrap rubber averages about 25 h.p., but if used for 
breaking down pure rubber gum the power required will be 
about 50 h.p. 

The above figures are for individual motor drive. Most mills 
connect a line of washers to one motor, the motor being connected 
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to a line shaft running beneath the floor. The washers being 
geared to this shaft, the peak load of one machine, which is often 
100 per cent more than the normal load, will come during^ the 
light load of another machine and normal load is thus maintained 
on the larger motor. With this arrangement a 100-h.p. motor 
would be ample for five mills washing scrap rubber and a 150- 
h.p. motor for four mills washing pure gum rubber. 

In a washing room having a rough washer containing three 
rolls, each roll 15 in. diameter by 24 in._ long, running at 
21 rev. per min.; two finishing washers containing two rolls, each 
roll 18 in. in diameter by 36 in. long, running at 25 rev. 
per min., and one tub heater, a 100-h.p. motor is installed and the 
following data are taken from a test record, breaking down crude 
rubber. 

During this test the rough rolls were working, and the smooth 
rolls running light, the smooth having been loosened slightly. 


Average line shaft speed. 126 rev. per min. 

Average speed of roll. 21 rev. per min. 

Average armature voltage. 255 

Length of record. 11 

Minimum b. h. p. 07 q 

Maximum b. h. p. 97.3 

R. m. s. value of h.p. 33.1 

Average value of h.p. -- 6 . / 


The above consists of both working cycles and periods of 
running light, while attendant was obtaining raw material. 

The following are the values for any working cycle: 

Highest average h.p. for any working period 53.5 

Highest r. m. s. value of h.p. for any working period 54.5 
Highest maximum horse power for any working period 27.3 


These last figures represent the extent to which the rolls might 
be loaded provided the operator was kept continuously supplied 
with raw material, and should be used m case an individual 

motor is desired to operate each set of rolls. •. n 

The following figures cover similar conditions, rough rolls 
running light and finishing rolls under load. 


Average speed of line shaft. .. 

Average speed of rolls. 

Duration of record. 

Maximum b. h. .. 

Minimum b. h. .. 

R. m. s. value of b. h. p. 

Average value of b. h. p.. ■ 

Highest average b. h. p. any working 

period.. .. 

Maximum h.p. for any working period... . 


126 rev. per min. 
25 rev. per min. 
22 min. 10 sec. 
49.1 
5.5 

23.4 
20.8 

41.5 
49.1 


From the above we can assume that if both sets of washing 
rolls are to be operated continuously under load and driven by 
oae motor, the motor should have a contmuous oap^ity °{ 96 
h.p. and be capable of a momentary overload of 143.4 h.p. 
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_ The peak loads come at a time when the operator throws large 
pieces of pure para rubber into the cracker. The momentary 
h.p. is very great but this drops off immediately after the stock 
is broken down. 

Mill Line: The most general arrangement of mixing and 
warming mills is to connect a large motor to one end of a long 
shaft running underneath the floor and gearing the mills to this 
shaft. If there are only two or three mills connected a bar 
wound induction motor is satisfactory provided the power 
companies do not object to the starting load in which case motor 
with resistance in the rotor should be selected. Where there are 
a large number of mills connected a wound-rotor motor with 
external resistance must be used. 

The mill line is always protected by a mechanical or electrical 
brake which can be applied in case of accident, from any 
machine. 

In the mixing mills the rubber after it has been washed and 
dried is mixed with compounds which are thoroughly worked in. 
After this operation the rubber is stored until needed and before 
being used is put through the warmer where it is heated and 
softened to a condition so that it can be used. 

The following data are taken from the test ofa375-h.p. motor 
driving a mill line to which were geared the following machines r 

2 mixing and ^warming mills having one roll 20 in.' diameter 
and the other 22 in. in diameter, each 72 in. long. Speed of rolls 
25^ rev. per mm. 

1 rnixing and warming mill, having one roll 20 in. diameter 
and the other 18 in. in diameter, each 60 in. long. Speed of rolls 
26f rev. per mm. 

^ 1 mill having two rolls, each roll 20 in. diameter by 48 
in. long. Speed of rolls 22 rev. per min. 

1 mill having two rolls, each 18 in. diameter by 36 in Ions' 
Speed of rolls 34 rey. per min. 

1 mill used as a masticator having two rolls each 18 in. 
diameter by 48 in. long, running at 24 rev. per min. 

On a typical mn mixing compounds having about 30 per cent 
para the following results were recorded: 


•Maximum h.p. 

Average h.p..... ‘220 

R. m. s. h.p. . 226 


Calenders: The calender is used for three different purposes: 
® consists of spreading rubber over the surface 

of clothj frictionmg, which consists of rubbing the rubber into 
the fabric so that the cloth is entirely filled with rubber compound' 
calendering or sheeting rubber, which consists in passing the stock 
hrough the .rolls and taking it off in sheets ofVerL”tS 
and thicknesses depending upon what it is to be used for In the 
process of skim coating the top roll is hot andruns at about two- 
thirds the speed of the middle and bottom rolls. The middle 
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and bottom rolls are cool. Cloth is passed between the bottom 
and middle rolls. 

In frictioning all three rolls are hot. The top and bottom rolls 
run at about three eighths the speed of the middle roll, the fabric 
to be frictioned running between the middle and bottom roll. 

In calendering all three rolls run at the same speed. The top 
roll is warm, middle roll hot and bottom roll cool, and the rubber 
is taken off the bottom of the bottom roll. 

Each of the above operations is performed most efficiently 
at different speeds and in order to obtain uniform quality of 
product it is necessary that the speed at which the rolls run 
during the various processes remain constant as variations in 
speed with variations in load gives an imperfect product. Be¬ 
cause the d-c. motor can be designed for a wide range of speed 
and controlled so as to give a small increase in speed with each 
step of the controller as well as the advantage of dynamic braking 
in case of emergency, this motor is preferred for calender-drives, 
the usual speed range being from 300 to 900 rev. per min. or 
235 to 950 rev. per min. We know of one or two installations 
where a-c. motors are used for driving calenders, but on account 
of the impossibility of obtaining a wide range of speed, the a-c. 
motor is practically limited to driving calenders where only one 
class of work is handled. . 

The power required in calendering varies approximately di¬ 
rectly proportional to the speed, although this rule does not apply 
for the lower speed as the power required is slightly more than 
a straight line curve would show. Frictioning requires more 
power as it is performed at a higher speed. Skim coating is done 
at intermediate speeds and calendering at the lower speeds. 

The ideal drive for calenders on which all classes of work are per¬ 
formed consists of a d-c. three to .one or four to one adjustable 
speed motor controlled by an automatic contactor control, the 
operator manipulating the control from the push button station 
located on the calender housing. The field rheostat mounted 
on the side of the calender housing and graduated in yards per 
minute controls the speed. Prom the push button station it is 
possible to start, stop, reverse, or slow down the motor for 
threading in another roll of fabric. 

The following sizes of motors are usually supplied for driving 
three-roll calenders used in automobile tire factories: 


IS in. by, 54 ill. 36 h.p. 

20 in. by 60 in. 50 h.p. 

22 in. by 60 in. 75 h.p. 

24 in. by 66 in. 90 h.p. 


The horse power mentioned above is the power required when 
the calender is operated at maximum speed, 

One of the largest three-roll calenders built has rolls 32 in. 
in diameter by 90 in. face and reciuires a 250-h.p. motor. 

The following data were obtained on a calender when running 
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rubber compound at a constant thickness of 20 mils and varving' 
speed, width of sheet 36 in. 


Motor 

H.P. 

Surface speed 

rev. per min. 

of roll, yd. 

462 

4.88 

23.5 

500 

6.25 

25.5 

635 

6.22 

27.3 

571 

6.35 

29.1 

618 

7.67 

31.5 

670 

8.15 

34.2 

638 

8.17 

32.6 

600 

7.02 

30.6 

570 

6.73 

29.1 

500 

6.20 

25.5 

455 

5.62 

23.2 


The above tests were taken on a 16 in. by 44 in. calender 
and the table nidicates the increase of h.p. with increase of speed. 

the following table indicates the results obtained from the 
same calender and the same compound running at the same speed 
and varying the thickness of the stock. 


Thickness of 
stock in mils 

H.P. 

Ft. per min. 
of rolls 

20 

10.4 

30.3 

30 

7.7 

32.3 

40 

6.10 

32.7 . 

50 

4.96 

33.2 

60 

6.24 

32.6 

70 

7.00 

32.2 

80 

6.38 

32.3 

90 

6.92 

32.5 

100 

6.46 

32.6 


The above table leads us to believe that the power, required 
at a given speed varies inversely as the thickness. The most 
important factor which has a considerable effect on the power 
. consumption and one which causes varying results when different 
conditions are varied is the size of the rolls which are fed into the 
calender. ^ It is evident that when a large roll of compound is 
being fed injo the calender a large surface of the calender roll 
IS rubbing on the compound and the power required to reduce 
large rolls of compound to sheets is consequently greater than 
that required for the smaller rolls. 

The following is a list of typical installations; 


Size of mill 

H.P. 

rev. per 
min. 

Material 

22 by 60 in. warming.... 

75 

720 

automobile tire.s 

10 by 22 by 36 in. 

rubber refiner. 

40 

720 


18 by 36 in. three-roll 

washer. 

75 

900 

<( tl 

16 by 24 in. sheeter. 

20 

720 

ii li 

18 by 40 in. warming.... 

40 

720 

a ti 

24 by 66 in. three-roll 

calender. 

90 

300/900 

n n 

Tube machine. 

15 

900' 

inner tube 
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One tube wrapper, one buffing machine and one rag wrapper 
for automobile inner tubes, 5 h.p.—1800 rev. per min. belted to 
line shaft. 

One 100 h.p. 600 rev. per min. motor driving one 16 in. by 24 
in. washer, one 14 in. by 30 in. tin roll, one 14 in. by 34 in. 
tin roll, one 14 in. by 18 in. by 28 in. dust grinder, one wash 
tub, material manufactured hard rubber novelties. 

One 200 h.p, 600 rev. per-min. motor driving three,18 in. by 50 
in. and one 50 in. by 36 in. warming and mixing mills, material 
manufactured hard rubber novelties. 

One 75 h.p. 720 rev. per min. motor for driving one 16 in. by 
42 in. mixing mill, one 15 in. by 24 in. washer, one tube machine. 
Material manufactured, automobile inner tubes. 

The usual arrangement of the factory for the manufacture of 
automobile tires is as follows: 

At the rear of the building are the washers, drying room, and 
compounding rooms. Along each side and near the windows are 
the calenders. Between the two rows of calenders are the mix¬ 
ing and warming mills. Cloth drying machines are installed 
convenient to the calender. Next along one side of the building 
are the fabric cutters and then the tire wrapping machines. On 
the opposite side are the vulcanizers. The offices and store¬ 
room are near the front of the building. 

L. L. Tatum: There is one point that has been standing out 
before me very strongly for the last year or so, and that is as to 
the increased responsibility for the completeness of the equip¬ 
ment on the part of those in the electric art who are making 
industrial motor applications. The papers this afternoon have 
brought out a thorough study of the power applications, the 
type of motor required, and the conditions under which the motor 
is operated. Machinery people treat that as a foreign art. Due 
regard to economy requires that most of our applications should 
be made on new machines, and that means the manufacture of 
new machinery rather than the rebuilding of existing machinery. 

To too great an extent we have considered our responsibility 
as ended when we recommended suitable equipment. We have 
not carried our responsibility further to the proper assembly of 
the equipment on the machine. Many of these machines go 
into small plants that maintain no suitable electrical force and 
are at the mercy of the local contractor for assembly and in¬ 
stallation, and my own experience has been that the machines 
suffer a good deal from these local contractors. That fact was 
driven home particularly one Sunday afternoon this past winter 
when I was called out to help a poor fellow get his machine 
running by Monday morning. He could not find any one else. 
The local contractor had fallen down completely. It was a 
simple job, but before the owner of that plant gets through with 
it, there will be trouble. The plant will be condemned by the 
wiring inspector, and condemned by the safety man. They had 
on the machine so-called safety features which no safety board 
would pass. 
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The responsibility of the man who provides the motor, in my 
opinion, should include the complete installation, to see that 
it is properly mounted, adjusted, and connected, so as to relieve 
the man who buys the installation from the constant annoyance 
of condemnation by inspectors of his apparatus, and the expense 
of rebuilding it before he gets it right. 

There are one or two machinery manufacturers who carry 
their assembly to the complete mounting of the motor and con¬ 
troller, wiring them complete, ready for the attachment of the 
power wires, which any ordinary contractor can do in proper 
form. This practise should be the rule, not the exception. 

I find that a great many possible users of electrical machinery 
are afraid to put it in, just because of the trouble they always get 
into through improper assembly and installation. The responsi¬ 
bility should rest on the machinery man of making the equip¬ 
ment complete. This is a matter of education of the machinery 
manufacturer which we are in the best position to carry out. 

J. C. Lincoln: There was one installation made in a printing 
plant in Cleveland which may be of interest, in showing how 
some problems are met. The manager of this particular plant 
was an “efficiency man”. He wanted to find out how the work¬ 
men were doing. He knew that some of his job pressmen would 
start out, and when he was in the room would run the presses 
so as to get 2,000 or 2,100 impressions an hour, and when he was 
not in the room they would not get out so many. This instal¬ 
lation was put in, and information was given the manager of 
the plant of the operations.of the men in this way: He had some 
twelve or fourteen small job presses and about eight or ten large 
presses, varying in size, the presses requiring a motor of from 
5 h.p. to 15 h.p. On a large board in his office was placed a 
voltmeter, and then a meter and lamp for each press in the estab¬ 
lishment. _ Connections were made so that whenever the press 
was running the lamp belonging to that particular press was 
lighted. Furthermore, these voltmeters were so calibrated that 
the impressions per hour were given by the meter. In this way 
the manager sitting at his desk could look at the switchboard and 
see at a glance which presses were in operation and how many 
impressions an hour they were producing. The plan has been 
in operation for two or three years. We have not heard any 
complaint about it, and presume it is giving good service. 

J.H. Davis: ! was very much interested in Mr. Stafford’s 
paper on electricity in grain elevators because the matter of the 
exportation of grain is of unusual importance on account of the 
European war. We have two very large elevators which we 
are about to electrify, and the question of just how to do it is 
under consideration and has been for some time. 

I haye not had an opportunity of reading Mr. Stafford's paper 
very critically, but in looking over it superficially I see no refer¬ 
ence to the vacuum system of handling grain. From my view¬ 
point, it would appear that that system of handling grain offers 
many advantages over the old method. 
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I think perhaps it may not be out of place to mention here 
some of the _ difficulties in the way of the present method of 
handling gram. I presume Mr. Stafford has studied the subject 
very closely, perhaps much more closely than I have, but it falls 
to my lot to decide how we shall do these things, so far as our 
own elevators are concerned. When the cars come to us loaded 
we will say with wheat, they have an additional door known as 
a gram door, made of rough timber and nailed to the car, inside 
of the regular door, which is closed, and the car is sealed'. The 
cars reach us and we take them in eight- or ten-car lengths into our 
grain elevator and there we have track pits and the regular door is 
opened and the grain door is taken down. It is quite a problem, to 
remove these grain doors. Unless you have actually seen the 
difficulties involved, you do not appreciate how it delays or 
slows down the whole operation. What I am getting at is 
this—by the vacuum system of handling grain we can allow the 
grain door to stay as it is by simpl}^ carrying into the car a rein¬ 
forced hose, built around a wire frame so as to prevent collapse 
of the hose, as the air is removed. This method would readily 
provide for the removal of the grain, would not necessitate the 
removal of the grain doors and it would entirely remove all 
necessity for shoveling the grain through the doors of the cars. 
It may be that such a method of handling grain will not prove to 
be_ practicable. A test has recently been made at Quebec of 
this method of handling grain, but unfortunately I was unable 
to have a representative there, but I understand that, while 
they were in a measure successful, the details of the equipment 
were not worked out so as to be entirely successful in every respect. 

Dredges and Excavating Machinery 

H. W. Rogers: Mr. Rushmore presents a table of manufacturers 
by industries in which are mentioned, “Iron and Steel” and “Cop¬ 
per, Smelting and Refining’ ’. Both of these industries naturally 
suggest the mining industry on which they are dependent and with 
which they are closely allied. Under the heading of “Costs”, Item 
4, reference is made to the economic value of electric drive, which 
introduces the subject of the electrification of dredges and 
excavating machinery. 

In so far as the mining industry is concerned this type of 
machinery may be classed under the following heads: 

I. Dragline excavators. 

2. Revolving shovels. 

3. Railway shovels. 

4. Strippers. 

5. Hydraulic dredges. 

6. Elevator dredges. 

The dragline excavator or bucket-scraper has a limited field 
of operation in the California gold fields but otherwise is confined 
almost entirely to contracting work, while the revolving shovel, 
railway shovel, and stripper are used very extensively in mining 
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operations, particularly in the iron and copper mines of Michigan 
and Minnesota, the copper mines of Utah and the coal helds 

of Kansas, Missouri and Virginia. , ^ 

The dragline excavator might be classed with the locomotive 
crane and revolving derrick as it is of similar construction, ^d, 
since such machines operate on a very much slower cycle than 
the shovel, which is equipped with a rigid dipper handle, they may 
readily be equipped with either d-c. or a-c. motors depending 
on the source of power available. In the electrification of a 
shovel there are many important points to be considered and 
what may be said of the railway shovel is equally true of the. 
revolving shovel and stripper, the latter being really a revolving 

shovel of a much larger type and greater capacity. 

There is probably no other class of machinery that presents 
a duty cycle as severe as that of the shovel, which is very short, 
varying from 7 to 12 sec. on the hoist, from 7 to 12 sec. on the 
thrust, and from 10 to 18 sec. on the swing, making a complete 
cycle in from 17 to 30 sec. and the motor to meet these require¬ 
ments must have a sufficiently low armature-inertia to peimit o 
rapid acceleration and quick reversals under small powder, i 
should also be a motor of rugged design as it must be subjected 
to severe overloads and shocks and frequent reversals. Ihis 
is especially true of the hoist motors, and, to a esser degree,_ of 
the swing motor; the thrust motor being practica,lly stalled during 
the digging operation, although it may revolve or overhaul, 
according to conditions, and is operated at full speed only after 

the hoisting operation is completed. _ 

In laying out an electric shovel drive there are leally four 
things to be considered; namely, the speed at maximum torque 
the speed at light load, the power required by the motor, and 
the gear ratio. An increase in the gear ratio results in a decrease 
in power at both light and heavy loads, and increase in the speed 
at heavy loads, and a decrease in the speed at light loads. 

The d-c. series motor has the characteristics of the steam 
engine, in that it gives its heaviest torque on starting, speeds up 
under light loads, and slows down under heavy loads. It is 
much easier to control and requires considerably less apparatus, 
in so far as the control is concerned, than the a-c. equipment. 

With the a-c. slip-ring motor it is impossible to obtain the 
maximum torque on starting; and the light-load speed wffich 
is very important, is limited by the synchronous speed ihe 
only means of improving this disadvantage is to reduce the gear 
ratio or use a higher speed motor, either of which methods would 
mean an increase in the capacity of the motors and an increase 
in the inertia, which would result in an increase in the power 
required and a slower acceleration, both of which are undesirable. 
Under such conditions the natural result is a much larger ky-a. 
capacity in transformers for the induction motors than the kw. 
capacity of motor generator set for the d-y motors. _ 

There is undoubtedly a greater demand for electric shovels 
for a-c. operation than for d-c. operation, but neither type ot 
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motor should be applied without a full knowledge of the existing 
conditions and the characteristics of the steam engine, as mis¬ 
applications will only tend to defer progress in this field of'en¬ 
gineering. A very careful study of this subject in connection 
with existing electric shovels and thorough testing has proven 
beyond all doubt that the d-c. series motor is better adapted 
to this service than the a-c. slip-ring motor, and, although it is 
possible to operate a shovel with slip-ring motors the disadvantage 
of such an application render it undesirable. 

It can be safely said, however, that with a proper application 
of motors, ^ the electric shovel will equal or surpass the steam 
shovel in every respect and will eventually replace it. Although 
the electric shovel requires an increased investment, the reduction 
in labor and repair charges and the elimination of boiler and feed 
water troubles will warrant it. 

The saving in operating expense of the electric shovel over the 
steam shovel will depend somewhat upon the comparative cost 
of coal and electric power and will vary for different localities, 
but it should be remembered that the electrically operated 
shovel eliminates the fireman, the watchman, the coal passer, 
teaming of one-half day, the use of water, and considerable 
waste. The natural increased wear and tear of parts, having a 
transverse motion as compared with those having rotary motion 
should be considered. 

The following data applies to one of the larger types of shovel, 
but is typical of all shovels and clearly indicates what may be 
reasonably expected of the electric shovel. In these figures no 
account whatever has been taken of the possible saving in the 
cost of fuel as this must be considered for each individual case. 


Labor per Shift. Steam Electric 

Shovel runner. $ 6.00 $ 6.00 

Craneman.. 4.00 4.00 

Fireman. 2.50 .... 

Six pitmen at $1.75. 10.50 10.50 

One watchman.’ 1.75 .... 

One coal passer. 1.50 .... 

Teaming ( I day). 2.50 .... 

Oil and waste... 1.50 .75 


Total. S30.25 $21.25 

Saving, electric over steam.21.25 


$ 9.00 per shift. 

For convenience in comparing the costs of operation on steam 
and electric shovels the costs are all reduced to a day basis. 

Electric 


Interest at 6 per cent. 

Tlepreeiatinn at 4§%. 

Steam 

. $ 5.20 

. 4.03 

d-c. 

$7.75 

6.00 

Equivalent 

a-c. 

$10.85 

8.43 

Repairs at 10%.. 

Repairs at 6%. 

Labor per shift. 

. 8.66 

. 30.25 

'T75 

21.25 

i6!85 

21.25 


Total cost per shift. $48.14 ‘$42.75 $51.38 
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It has been assumed that, owing to weather conditions, delays, 
etc., the shovel working year consists of 150 days, and the above 
figures are based on this assumption; also that the shovel is only 
working one shift a day. 

• If the shovel works three shifts a day instead of one shift a 
day, the interest and depreciation will remain the same, provided 
the shovel is kept in repair. It is reasonable to assume that the 
repairs will increase when working three shifts, but not in direct 
proportion; therefore, this item has been increased 50 per cent. 

Electric 



Steam 

d-c. 

Equiva¬ 

lent 

a-c. 

Interest at 6 per cent. 

... $5.20 

$7.75 

$10.85 

Depreciation at 4|%. 

4.03 

6.00 

8.43 

Repairs at 15%. 

... 13.00 

.... 

.... 

Repairs at 9%. 

... .... 

11.63 

16.28 

Labor (three shifts). 

... 90.75 

63.75 

63.75 


Total cost (three shifts)....$112.98 $89.13 $99.31 

These figures clearly indicate that the electric shovel is a 
better proposition than the steam shovel, that the d-c. equip¬ 
ment is far superior to the a-c. equipment and that the saving in 
operating expenses will warrant the increased investrnent. 

The control on either the d-c. or the a-c. equipment is revers¬ 
ible and entirely automatic, all panels being equipped with 
automatic acceleration, the hoist and crowd panels being also 
equipped with a “ jam ” relay which inserts resistance in the 
circuit in case of very heavy overloads but does not open the 
circuit, the resistance being automatically cut out again by the 
same relay when the overload disappears. The master control¬ 
lers are located similar to the operating levers on a steam shovel 
so that a steam operator will be entirely at home on an electric 
shovel. 

In selecting a shovel equipment it should be remembered that 
although it is possible to operate with alternating current, it is 
cheaper to use the d-c. equipment, even with a motor-generator 
set, and have an outfit which more nearly approaches the 
characteristics of the steam shovel, and has much simpler control 
apparatus and requires considerably less power to operate it 
than the a-c. equipment with transformers. 

The hydraulic or suction dredge has never been favorably 
considered for mining operations although the modern elevator 
dredge followed closely and was, in a large part, due to an atternpt 
to mine with the aid of powerful pumps which were suggestive 
of a more highly satisfactory method. It has long been used, 
however, as a successful machine, by contractors for excavation 
of material below the water level and, although not designed for 
the excavation of rock, such material frequently passes through 
the pump without any difficulty. Ordinarily it is used in sand, 
gravel or loam, although there is one at Columbus, Ohio, working 
in blue clay and one at Calumet working in copper tailings. 
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The electrical equipment of such machines is not entirely new 
as there are quite a number that have been in successful opera¬ 
tion for several years. 

The greater portion of them, however, are steam operated. 

Ordinarily the equipment consists of the main pump motor, 
the cutter motor, the winch motor, the service pump motors and 
bilge pumps, with the necessary control and switchboard but 
these may be and often are supplemented by a compressor motor, 
a small motor-generator set for the searchlight or an additional 
motor for operating a ‘‘ gia,nt. ’ ’ The operation of such machines 
is practically continuous and it is an ideal application for a-c. 
induction motors. The main pump, which is by far the greater 
portion of the load, may vary between 200 h.p. and 1250 h.p., 
depending on the size of pump and the head against which it 
operates. Since the greater part of the head is friction head and 
the discharge line varies in length betw^een wide limits it is 
necessary to compensate for this change in the speed of the pump 
and consequently a variable speed induction motor should be 
used with provision for from 25 to 33 per cent reduction in speed’. 

Both the cutter and winch motors should be of the variable 
speed type while the remaining motors may be squirrel cage 
type. While there may or may not be a saving in the cost of 
power, there is a saving in labor and repairs and a considerable 
saving in the first cost of the dredge resulting from the use of 
motors. 

The hull may be smaller and the operating hours longer, while 
the dirt and grease resulting from the use of boilers, steam engines 
and coal bunkers is eliminated. 

The elevator dredge of the close connected bucket type is 
used to a certain extent for excavation but is largely confined to 
gold and platinum mining. It varies in capacity from 3|- cu. 
ft. buckets to 16 cu. ft. buckets and consists essentially of a digger 
or bucket line; revolving screen, sluice tables and boxes, stacker 
for carrying away the tailings, high and low pressure pumps, 
priming pumps, amalgamator and occasionally a sand pump and 
“ giant.” There are more than a hundred of these dredges 
operating in the country and although some are equipped with 
steam engines, the greater part are electrically driven with a-c. 
motors. 

The steam driven dredge can hardly be considered economical 
in sizes larger than 7| cu. ft. and it is practically impossible to 
operate the largest ones with steam as there is no available space 
for such an equipment, in fact, the larger sizes of dredge practi¬ 
cally owe their existence to the electric motor. 

The Sugar Industry 

C. A. Kelsey: Few people realize the extent of the sugar 
industry. Sugar is commonly considered as a luxury but al¬ 
though a large part of the total production of sugar is used in 
the manufacture of confections there is still a very considerable 
amount used directly as a food product. 
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The total world production of cane and beet sugar for the 
season of 1913-1914 was 18,687,000 tons, of which 9,777.000 tons 
was,cane sugar. The United States imported in the year 1913, 
2,890,667 tons but produced only 852,472 tons, making a total 
consumption of 3,743,139 tons. This gives a per capita consump¬ 
tion of 85.4 lb. per annum. Of the above amount consumed 
in the United States, cane sugar constitutes the greater portion, 
the amount of beet sugar being a very small portion of the total. 

Briefly the process of producing sugar from cane consists of 
expressing the juice from the cane, evaporating the water, crystal¬ 
lizing the sucrose, and separating the sugar from the molasses. 

The cane is delivered to the mill on special flat cars having the 
sides and ends of open construction. There are two ways of 
delivering the cane from the cars to hhe .cane hopper. First, 
by transfer hoist, whereby portions of a carload are lifted out of 
the top of the car by cables which have been passed around the 
cane. This requires a hoist motor mounted on a standard hoist. 
Second, the car is switched on to a track section which can be 
tilted either sidewise or endwise. In the former case, the plat¬ 
form can be tilted around a balanced point requiring therefore a 
very small motor, of intermittent rating. Where the car is 
tilted endwise, a hoist motor mounted on a standard will generally 
be employed. This requires a motor and hoist of sufficient capac¬ 
ity to lift half of the combined weight of the car and cane. 

The cane is dumped in to a hopper from whence a conveyer 
pulls the cane up on to the main cane carrier. The idea of 
breaking the conveyor up into two sections is to provide means 
for depositing a uniform layer of cane on to the section feeding 
the crusher. Both sections of the cane conveyor require variable 
speed drive. The second section or main carrier requires vari¬ 
able speed in order to give a constant feed to the crusher, depend¬ 
ing upon the character of the cane and the desired rate of grinding. 

The crusher consists of a set of two corrugated rolls and is 
intended to break up the cane into short sections and to lay it 
open so that the main rolls can force out the remaining juice. 
The main rolls are adjusted to deliver a constant thickness of 
crushed cane to the succeeding rolls. As the crusher extracts 
about 65 per cent of the total juice, the portion going to the first 
mill is composed largely of fiber. With a variation in the. per¬ 
centage of fibre content in the cane coming from different sec¬ 
tions or at different periods of the season, the amount of crushed 
,cane delivered by the crusher with a constant feed, will vary. 
As the rolls require with a given speed a constant rate of crushed 
cane the crusher must operate at variable speed. 

An operator is required at the crusher to regulate the feeding 
of the first roll and as alternating current is best suited for the 
general mill conditions, a variable speed motor of the wound- 
rotor type is satisfactory for the service. » 

As mentioned before, the main rolls are adjusted for a constant 
spacing between the rolls. A variation in the character of the 
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cane producing a higher or lower percentage of fiber or a variation 
in the rate of grinding, calls for both a difference in the relative 
and absolute speeds of the different rolls. The relative speeds 
can be obtained by suitable gearing to motors of the same speed 
where the mills are to be individually driven. These speed ratios 
are, however, suitable for one class of cane. With a varying 
cane it is desirable to readjust the relative speed. Variable 
speed motors have not proven satisfactory under these conditions 
as the load is found to vary from time to time even when care is 
taken to produce a uniform feed. The variable speed a-c. 
motor under these conditions gives an unsatisfactory speed 
regulation, rendering it difficult of control. 

There are times when on account of shortage of cane or some 
reduction in. the capacity of the sugar house, that it is desirable 
to keep the rolls running at reduced output. As mentioned 
before the speed control of a variable speed motor, driving cane 
rolls is unsatisfactory. A means of meeting this requirement, 
is however, had, in reducing the frequency and voltage of the 
a-c. circuit, by means of the reduction in speed of the prime mover. 
Where the pumps have been designed to meet this condition, 
the frequency of the whole power system can be reduced, as all 
of the pumping and conveying apparatus can propeiiy be cor¬ 
respondingly reduced in speed. One exception to this is the 
centrifugals, which must be operated at their proper speed in 
order to insure completely drying the sugar crystals. This 
can be taken care of, however, by splitting up the power circuits 
leaving the main rolls to be driven by an independent generator. 
The motors for the main rolls should therefore be constant speed 
type, but on account of their size, and the high static friction, 
which they have to overcome, they should be of the wound rotor 
type with a resistance for starting purposes only. 

The crushed cane coming from the last set of rolls is called 
bagasse, and is conveyed by scraper type of conveyers to the 
furnaces, usually located' between the boilers. In a properly 
electrified sugar mill the bagasse should meet all of the require¬ 
ments for fuel with the exception of a very small amount of wood 
required to kindle the bagasse. These conveyers operate at 
constant speed and as the material is soft and not liable to jam 
the conveyer, constant-speed squirrel cage motors are here 
employed. 

The juice extracted by the crushing plant is delivered to a 
screen where particles of cane are filtered and left on the screen. 
A scraper conveyer takes the cane refuse from the screen and 
deposits it on a ci'oss conveyer, which in turn dumps it on to the 
cane passing between the first and second set of main rolls. 

The raw juice is pumped to alkalizing tanks where milk of 
lime is added. This is to neutralize the acids formed by fer¬ 
mentation and to procluce insoluble compounds from the non¬ 
sugar element. Centrifugal pumps are liere employed, driven 
by constant-speed squirrel cage motors. 
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The milk of lime is produced in the plant by the solution of 
slaked lime, the action taking place in a small tank provided with 
a paddle for stirring up and mixing the contents. From here 
it is pumped to a storage tank. A small centrifugal pump is 
here used to discharge the mixture. The motor is a constant 
speed, squirrel' cage type. 

The tanks into which the raw juice is discharged and in which 
the milk of lime is added, are provided with some means 
of mechanically mixing the milk of lime and the raw juice. 
The paddles are either driven direct by vertical motors or geared 
down to horizontal motors, in either case constant speed squirrel 
cage motors are used. 

The alkalized juice is then pumped through a heater from 
whence it discharges into defecator tanks, Here the juice is 
brought up to the boiling point in open tanks. The heat acting 
on the albumenoids forms a flocculent precipitate. Part of this 
settles to the bottom and part rises to the surface, forming a 
thick, black dirty scum. The clear liquid forms in between two 
layers and is then decanted and pumped to the evaporators or 
multiple effects. A centrifugal pump is here used driven by a 
constant speed squirrel cage motor. The scum and sediment 
are diluted with additional water and then passed to the filter 
presses. The nature of the material requires a triplex pump. 
The pump is driven by a constant speed squirrel cage motor. 
The size of the motor, permits its being thrown on to the line in 
case a compensator does not give high enough starting torque. 
The filtered juice follows the path of the defecated juice while 
the filter cake is dropped down from the filter presses to a con¬ 
veyor which carries the cake to a car whence it is transported to 
the field and used for fertilizer. 

The defecated juice flows through the multiple effects where 
it is evaporated down to a consistency of syrup. Evaporation 
takes place under successive stages of vacuum and correspond¬ 
ingly lower temperatures. The syrup is either pumped to storage 
tanks near the vacuum pans or flows by gravity. Centrifugal 
pumps are here used driven by constant speed, squirrel cage 
motors. The condensed vapors from the juice in the multiple 
effects are drawn off from the different vessels and are either 
pumped to a tank for use as maceration water at the rolls or 
discharged to the hot well. Centrifugal pumps are here used 
driven by constant speed squirrel cage motors. The syrup is 
drawn up into the vacuum pans where it is boiled to grain. The 
first sugars, that is those sugars coming from the original boiling 
of the syrup, are let out of the pans directly into a tank over the 
sugar centrifugals. Here the sugar and molasses called masse- 
cuite is fed into centrifugal machines. The centrifugal ma¬ 
chine is practically the only machine in the sugar mill requiring 
a specially designed motor. This refers to the direct coupled 
motor. The centrifugal is first loaded with a charge of mas- 
secuite. It is brought up to speed, requiring a high accelerating 
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torque. It is allowed to run for a minute or two, depending 
upon the grade of the sugar, and is then brought to rest by a 
brake. The molasses is thrown out by centrifugal force through 
the wire gauze lining of the centrifugal and the sugar crystals 
are left in a thick layer on the inside surface of the centrifugals. 
After dumping out the sugar by mechanical scoops or by hand, 
the centrifugal is again loaded and the process repeated. The 
direct coupled motor must be designed to accelerate the centri¬ 
fugal quickly and bring it up to a predetermined speed. It is 
usually operated a short time at top speed so that the ventilation 
is limited and a fairly large motor must be utilized, in comparison 
to the accelerating and running torques. 

The molasses is mixed with the syrup coming from the multiple 
effects in an attempt to crystallize more of its sucrose contents. 
Usually the massecuite produced in this manner is discharged 
from the pans into crystallizer tanks. These tanks are provided 
with paddles intended to keep the contents in slow motion. The 
sugar crystals are thereby brought into contact with the non- 
crystallized sucrose and grow larger. These crystallizers are 
driven by constant speed squirrel cage motors. 

The sugar discharge from the centrifugals drops into either 
a screw or vibrator conveyer and discharges into a bucket con¬ 
veyer leading to a bin from whence the sugar is discharged info 
bags for shipment. These conveyors are usually driven from the 
main centrifugal shaft where group-driven centrifugals are em¬ 
ployed, or can be driven by individual motors of the constant 
speed squirrel cage type. 

Where the centrifugals are belted they are grouped and shaft 
sections are driven by constant speed squirrel cage motors. 

The circulating water for the condensers is pumped by cen¬ 
trifugal pumps, driven by constant vSpeed motors. These motors 
may be squirrel cage type or wound-rotor type with starting 
resistance depending upon their size as compared with the power 
system. 

The molasses from the centrifugals is pumped to the storage 
tanks serving the vacuum pans or to the outside storage tanks 
by triplex pumps. Constant speed squirrel cage motors are 
suitable for this service. The vacuum pumps and air com¬ 
pressors when used can be satisfactorily operated by constant 
speed induction motors, either of the squirrel cage or wound-rotor 
type, depending upon the size of the motors in relation to the 
power system. 

The blowers for the boilers are best driven by variable speed 
motors, to provide a means for varying the furnace draft. Wound 
rotor motors are suitable for this service. 

The boiler feed pumps should be capable of delivering a 
variable amount of water to the boilers. This can be accom¬ 
plished by driving them by variable speed motors or the discharge 
of the pump can be throttled. 

There are miscellaneous applications around a sugar-mill 
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factory, such as driving service water pumps, laundry tubs for 
the filter bags, the carpenter and machine shops, but these 
applications are simple and not peculiar to the sugar industry. 

In general, it may be said that the appli cation of motors to 
cane sugar mill apparatus consists in a detailed study of the 
particular apparatus to apply standard motors. The pressure 
heads and quantities of the various liquids to be pumped are 
deteimined by the layout of the mill and these data must be col- 
^cted at the rnill and the proper pumps and motors selected. 

iT 1 applies to the conveyers, blowers and miscellaneous 

belted and direct-coupled apparatus. 

The Paper Mill Industry 

Experience has shown that with the exception 
ot driving the variable speed end of paper machines themselves, 
the a-c. motor offers a great many more advantages than the 
d-c. motor and at the present time is being generally used 
throughout the industry. 

A • ^ convenience in the following table the motors have been 
divided into four types designated: A—Squirrel Cage Motors, 
b Internal Resistance Motors, C—Collector Ring Type of 
Motor, D—Synchronous Motors. 

Squirrel Cage Type of Motors: The squirrel cage type of 
motor IS essentially a constant speed motor and the speed can 
not be appreciably changed, has high starting torque, high 
efficiency, and high power factor. In tb e larger sizes it is cus¬ 
tomary to use compensators for reducing the voltage applied 
to the motor at the time of starting. This is not to protect the 
rnotor, but to'avoid heavy fluctuations on the line. It will, 
therefore, be seen that squirrel cage motors should not be used; 
first, where speed reductions are required; second, where at the 
time of starting it is desired to start slowly or to “jog” the load; 
third, where sudden shocks are objectionable at the time of 
starting, such as in the chain drive on beaters. In group drives 
where belts are used, these shocks are absorbed partially by 
the belts and are not objectionable. 

B—Internal Resistance Motors: The internal resistance motor 
has high starting torque, high efficiency, and high power-factor, 
similar to the squirrel cage and has the advantage of being able 
to gradually increase the speed of the motor until the machinery 
comes up to speed and is satisfactory for service where the load 
has small inertia, or is practically all friction and the time of 
acceleration does not exceed about one minute. The internal 
resistance, however, can not be made large enough to give any 
speed regulation and the motor must be treated as a constant 
speed machine. This motor is satisfactory for group drives of 
average service conditions, such as screen rooms, sulphite 
departments, etc. 

^ ^^l^ctor-Ring Type of Motor: The collector ring type of 
motor has a high torque, high power factor, and efficiency some- 
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what lower than the above two types. It may be either constant 
speed or varying speed. As a constant speed motor it should 
be used where heavy starting duty is required, since it is possible 
to proportion the external resistance used in connection with a 
drum controller to meet almost any condition of starting required. 
With liberal resistance grids, several successive starts can be 
made without injury to the motor or controlling appliances, 
such as breaking a wood conveyer loose when jammed with ice 
or for starting heaters after the stock has settled. A squirrel 
cage motor under similar conditions might injure the conveyor 
or jump the roll out of its bearings. As a varying speed motor 
it can be used where a certain amount of speed regulation is 
required provided it is not objectionable to have the speed change 
as the load changes; e. g., cranes, hoists, etc. It is not applicable 
to drives where constant speed is desired at different loads with 
one setting of the controller. As the load decreases, the speed 
increases and vice versa. 

D—Synchronous Motors: Synchronous motors have low starting 
torque as compared with the above types, high efficiency, and 
an adjustable power factor and can be often used advantageously 
for improving the power factor of the system. Before installing 
a synchronous motor, however, conditions of operation should 
be thoroughly studied, as many times the lower power factor 
is due to many motors on the system running at partial loads. 

Synchronous motors should not be installed on line shafting 
or individual machines where a heavy starting torque is necessary, 
unless they are provided with clutches or some means of relieving 
the load at the time of starting. The starting torque, in general, 
is limited to about 30 per cent of full load running torque. The 
synchronous motor can be used to advantage to supply auxiliary 
power to a line shaft already driven by a waterwheel or an 
engine, power being obtained from another station. 

The synchronous motor also has a field in the industry in 
connection with , low pressure turbines. Where there are one 
or two reciprocating engines, it is often advantageous to install 
a low-pressure turbine and supply power to various motors 
throughout the mill; also to “pump back’’ on the engine or main 
line shafting with the synchronous motor. A combination of 
the engine or turbine and the synchronous motor is self-regu¬ 
lating. 

Drives in General: It is undoubtedly needless to call attention 
to the desirability of having all transmitting parts, such as belts, 
rope drives, gears and chains of ample proportion throughout 
the mill. Large motors which are to run continuously on heavy 
work with belting under severe conditions should be equipped 
with three bearings; two-bearing motors under these con¬ 
ditions have in many cases proved successful, yet the occasional 
renewal of the bearing linings more than warrants the added 
expense of the three-bearing installation. 



.1342 


MOTOR APPLICA TION 


[June 29 


3 

o 

a 

o 

(-1 

o 

§, 

CO 


bo 

a 

s 

M I 

H-J O 


. 

« o 
ft iT 

< O 

^ s 

a s 

Z ’8 

Si 

p s 

ft « 
tz: tS 


^ m 

> 

r . ••• 

M 0) 

rt sp 

p c3 

’3 

.S 

^ 1 
O O' 

W « 


h4 

w 


CO 

fii 

o 

h 

O 

ft 

O 

CO 

ft 

ft 

>* 

H 


to 

B 

o 

ft 


o 

g 

o 

O 


0 ) 

>. 

ct 

a 

u 

0 

"S 

a 

'Cl 

o 

o 

9> 

tn 

u 

<u 

Ji 

m 

:a 

8 

0 

+> 

(0 

4> 




a 


P 

tH 

o 




(h 

o 


td 

bo 

d 

cd 

S 

0 } 


a h 


<« 


cd o 
0) ^ 


H 

■ § 
0 
u 


^ • A 

O ^rO 

Wc3 ej 

".■Sp 

I 


+»rQ 

§5 

s|i 

S o 

0 t! 

(|> o 

ii *x 

• IH O 

■“sli 

d T! C 
fl'd 
+2 ( 0 »O 

pj <w .. 


0 ) 

(3 


O fl) 

§ o 
'i 

£| 
SP "* 

^ p 

^’2 
CO g 


I 

o 

v 

d 

d 

0 

o 

"8 

4) 

i-i 

1^ 

0 

«« 

0 ) 


d.S 


1-1 

O’ 


^ }d 

Oi'd 

lilt 

'S OJ O'C s 0 g Pi 

Sj3«S<=^»t^§ 

s-gS'sSlt® 

O p o P±j P P 


• H 

•rj,+» P d 

OO Ih 1 H 0 ) 
bo c8 w 'H 

« O.H 

o o 


w ' 
§ 


•d d S U 

O 0 -c 2 

s-g-Sa 


d'C' 

Q ft's 


d 2 

S bo 


d*df'h^;33Q Sfe.S 
M S irJ g g 


d 5J tJ 


a bO 
o’w §‘3 

S O^'P 

Ot4_| (0 

ft S 1-1 -H 
dH,Q O d 
d 

SSs| 

0 *“ 4 ) d 

iSSSS 

ft oco<i 
x: 

M 


d 

o 


(D 

> 

•c 

P 


4J 

*« db 

o) S' 

oft 

ft 9 

1 § 
to o 

P o 
»dft 
d-;3 

^ bo 
d 

tfl»s 
t-( ft 
d d 

S 8 

dlB 

O 

■H “ 

.ft 
^ bo 

S d 
^ 2:2 


p 

'3 d 4) 

aS'S 

fe § 
O P 

. o d 

ui ^ o 

S® g 

2 IS " 
pxs g 

« d 


d 

o: 


09 

•§ 


^ «*• 

•fH 


s^as 

+a 

w ^ 

d'T 

’§§1 
I”* 8 

fl> to 

=3-° 2 
S'd'^ 

e«^ d 

PS*'" 

ft «> 
'wft 


t-i 

§J 

•> 

s< 

4) O 

< 4.4 •—) 

bo**- 
d P 

*43-P 
to d 
d 5 
Crt o 

wS c) 
ih d 


'd ^ 

‘Hft 


4) 

P* 

« g 
0 < 


»d 

a> 

u 

ft 

to 

2 ^ 5 • 

fcj o 

lift bfl 

ss| 

s-sp 

*2 p»’p 

d d bfl 

P ft d 

ft «->*r3 

^ tn 

S ‘P S. 

eij ft g* 


yp sft 

rt ^ ft 

ft « > 

• 1 ^- 

p .2 a ftp 


to 

4)ft 
4> 

bo > 
ai 

M 4Jft 

dft 

p g d « P ’ft 
>> g O S' O ft*5^ 

g Ih W I tH ^ 

SoCftPO^S 

rt J3 

.5 d I-I 


0 ) 

•§ 

ft 

d 

> 

d 

o 

d 

d 

>• 

'd 

d 

ft 

•pi< 

.t 

ft 

d 

• fH 

§ 

•§ 

d 

• iH 

ft 

a 

o 

U 


-xj $0 
ft P 

I? 

*5 p 

to »J 
J5 ft 

is 

P d 

4) ^ 

ft 2 

CO Vj 

• o 

O 4J 

K p 5p a 

o *d d 
‘^oJS 

^ a 

g a 


a 

o 

IH 

* 1-1 

d 

d 

> 

•c 

ft 


d 

d 

to 

P 


O 


IH 

o 

u 


CO 
IH 

w O 
21 
■O. R.g g 
- o ^ 


a s 

d 0 
rg k 


si 


l?ss 

-a'ii-a 

s? Sa 

O «<J 0 ) 

^ s > 

o 2 

to ft 


0 ) 

> s 

■®i. 

ftp 

Pti 
o o 

Ih 

p®d 
og 
*3 d 

ft a 
p a 

*-• X 
O Q| 

tn 
ft d 

3 2 

.f ^’2 

d 
o 

CJ 

to ^ 

4) tH g 

ft o o . 

d O 14 J 

cS o 


ft 

4) 

P 

P 

*3 

O' 

9i 


ft 

4) 

d ^ 


CO 

a 

4-> 

O 

a 

ft 

.15 


ft 

d 

p 

4J 

ft 

d 

d 

u 

CO 

a 

u 


d 

p 

p 

'3 

O' 

d 

>1 

ft 

d 

d 

lH 

4J 

d 

t 


a ! 


d 
u , 
P 


(U 


CO 


CO 

I-I p 

ftft 
(4 p o 


d 
CO 

V CO 

ft . d 

+* M Q, 
«H b >» 
o 0 ^ 

>*2 b 

s a s 

d ” d 

2 -gS 

• H 


I 

4) 

(P 

•Si 

d 

0 

,a • 

s»d 

ftH 

4) O 
hj CO 
U 

V=3. 

4J P 

4) o 
.b ft 
Q a> 


Vi 

o 


!>. 

4> 

dl 

P 

P 

Vi 

O 

Oi 

o 

4-» 

d^i 

0 ‘S 

W'Sh 

S Ui ^ 

p ft s, 
o “‘b 

^ S’? 

”e® 

O 


ft 

bo 

P 

o 

Vi 

-►» 

ft 

d 

■*» 

d 

§!?■ 

og 

Va 

o » 

o ^ 
H O 

;§ " 
dft 

pq'S 

d 
bd 


d 

o 

.—.I 

u 


• 

(O 

Vi 

4) 

d 


^'P'S 
ft S o 


ft » 
ft O 
5U*'5„ 

Vi ft 

S|a 

+J o to 
d 

55^ 2 

d u d 
ft-gd , 
d ei 

p^ 

Ogcopq 

a 


I td 

X o 
d 

*« tH 

ft q 

o a 

ft’s p ^ 

1 s'? §'iS 
§§| 8.2 


o b 

VV 

"8 8 

22 
•^ fH 

PP 


^ bO Vi 

§■§■■2 

“gi 

d 80 


Ih * 
d d 

OP 


ft 

o 


ft 

d 

d 

u u 
d d 
d d 

00 


S 

d 

O 


ft 

lU 

d . 

u 

d 

d 

o 

u 

. 4 ^ 

d 

2 

^ to 
d d 

ft bo 

3b 
o 5 

o ft 

ft w 

ftft 

O * 1 ^ 

COP 


ft 

d 

4J 

u 

d 

d 

d 

o 

u 

• 

8 

d 

Vi 

Vi 

O 

ft 

d 

*» 

U 

P 


V 

d 

d 

bo 

k 

0 

+» 

"d 

P 


d 

ft 

ft 

d 

d 

to 

S 

d 

bO 

to to 
Vi Vi 
d d 
d d 

00 


■S 

ft 

k 

0 


0 



p « 

V4.g 

S'S 

1‘al 

p| 
.>* d 


Vt 

o 


<5 <tj 


U 

k 

O 

P 


bfl 

d 

•c 

V 

O 

4J 

o 

d 

o 

ftO OU < - 

to 
0 

u 
d 
d 

ft 

v> 

• -4 

o 





special 
large m< 



p 


« 



V 

0 



d<l 

PP 

0 

0 

0 

0 

0 > V 

8 0 

P ' 1 ^ 

0 0 

Ih 

0 

p 



“i 

<tJ<J 

<J 


V> _i 

8S 
•ft s 

P “ 

♦ 

u 

I 

d 

V 

0 


d 
bo 
d 

I 

ft 

d 
d 

a 

to 

"d . 

dft 
ft.2 

Uft 

g ei 
P v> 

Vi m 

ft P 

•gft 
? d 


d 

d 

a 

ft 

d 


to 

d 

d 


Vi 

d 

ft) 

d 

'vJ 

O 


to 

d 

d 

d 

8 

to 

ft 

d 

ft 

S 


(0 

d 

d 

d 

V 

0 

CO 

>» 

s 

8 

P 


M 

d 

d 

d 

V 

’d 

bO 

P 

*4-1 

*n 

d 

d 


CO 

d 

d 

d 

Vh 

d 

to 

V 

d 

> 

rd 


ci 

CO 

s 

'p 

H 


2 

»i 
Is 

to 


O CO 


’215 

. §g 
O wco 


CA 

1 
ft 
bo 

ft 
d 
d 
to 

k 
d 
>v 
d 

§ ■ 

0 CO 

u V 

^ s 

WO 


CO 

d 

S 

G 

ft 

d 

ei 

CO 

li 

ft 

CO 

H 

Ci 


•S rt 

v’S 

d o 
Wt^ 


(0 

V 

d 

ft 

(0 

d 

ft 

d 

d 

(0 

8 

S 

d 

p 


eo 

'A 

S JO 

<H M 

d d 
"S CJ 

d gj 


(O 

kl 

d 

ft 

d 

(U 

’eS 

u 

Vi 

d 

o< 

d 

CO 


CO 

. 8 
ft 
d 

d 

15 

w to W 
88 

ft,2 P bil 


2 

iS 

CO 

d 

ja 

4.> 

I 

(» 

8 

>v» 

(0 

p 

ft 

-I 

to 

8 

v* 

8 

4? 

bo 

d 

P 


CO 

2 « 

d 8 

ss 


• lH M 

2 3 P 

ft*H O 

^ ^ ^ 
k V V 
d d d 

+* ■ii'tC 
o o q 


2 

d 

44» 

4.9 

p 

13 

CJ 

•Jj 

V 

d 

























1915 ] DISCUSSION AT DEER PARK 1343 

Silent Chains: Silent chain drives, particularly, should be 
chosen of liberal size for the work they are to do. This is true 
of beaters, where continued sudden shocks are apt to come on 
the chain. 


The Portland Cement Industry 

C. C. Batchelder : The Portland cement industry affords a 
good illustration of the application of electrical apparatus on 
a large scale where a careful selection of the equipment and atten¬ 
tion to comparatively inexpensive protective measures have a 
great bearing on the service obtained. Cement making is pri¬ 
marily a grinding process and involves reducing the material to a 
fine powder twice in the course of its manufacture, once before 
and once^ after burning. This means a large specific power 
consumption. Each barrel of cement requires about 20 h.p-hr. 
in the course of its manufacture, and as the average production 
of American cement plants is over 2000 barrels a day the aggre¬ 
gate power used by the industry is enormous. Cement manu¬ 
facturers are vitally interested in power production and distri¬ 
bution. It makes up a very appreciable portion of the cost of 
their product and must therefore be economical. Its supply 
must be continuous and reliable, and at the same time capable of 
adjusting itself to a demand that varies with the seasons. 

Cement mills have a few characteristics which differentiate 
them from most other manufacturing plants. 

The principal difficulty with which motors and control ap¬ 
pliances have to contend in cement plants is the large amount 
of abrasive dust in the air. While an increasing amount of 
attention is being given to dust elimination and collection, there 
are very few plants in which the air in the rooms containing the 
crushing and grinding machinery is clean enough to allow motors 
with unprotected bearings or collectors to operate without re¬ 
quiring an abnormal amount of attention. The engineer must 
meet this condition by putting the electrical apparatus in sep¬ 
arate motor rooms whenever practicable, by specifying bearings 
protected from dust by shaft dust washers and tightly seated oil 
well covers, and by selecting low-speed motors. Ordinary 
gearing should be avoided, and if used at all, should be protected 
by tight cases. It is a good plan to have compressed air piped 
throughout the plant so that the motors can be blown out at 
regular intervals. Control appliances should be of as simple a 
nature as possible, and if relays are used they should be enclosed 
by dust tight covers, or installed in cabinets if they must be 
placed in dusty parts of the plant. 

Crushing, and pulverizing machinery is usually rather roughly 
built and to prevent excessive vibration and shock being trans¬ 
mitted from the machines to the driving motors, requires that 
the mechanical details of a motor installation be laid out in a 
conservative manner. Motor foundations should be rigid; 
flexible couplings should be used between direct-connected units; 
and bearing pressures and rubbing speeds should be kept low. 
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Much of the cement-making machinery requires somewhat 
more than normal running torque at the instant of starting, and 
the motors must be capable.of exerting this torque if trouble is 
to be averted. This does not affect the design of d-c. and slip 
ring induction motors, but as the greater part of cement ma¬ 
chinery is driven by squirrel cage motors it is usually necessary 
to bear this starting torque requirement in mind when selecting 
the electrical equipment. As a matter of fact a change in the 
motor design to secure higher torque is very seldom necessary, 
and standard machines can take care of the great majority of 
drives satisfactorily. This has been especially true since the 
introduction of practically indestructible rotor construction. 

High room temperature is a factor that sometimes affects the 
motor equipment of the kilns, and dryers, and various expedients 
have been adopted to protect the motors driving this machinery 
when the conditions were such as to require special precautions, 
such as placing the motors in ventilated tunnels, or in spearate 
rooms. 

While the general tendency of industrial engineers is toward 
the adoption of individual drive, there are a few cases in cement 
plants where a well worked out group drive will give better 
results. This is particularly true of srnall elevators and con¬ 
veyers, which are often subject to rather violent load fluctuations, 
so that individual motors must be of considerably larger capacity 
than required by the average load of machine, while if grouped, 
the driving motor can be safely worked at practically full 

capacity. . . 

Careful attention to the features in which cement mill service 
is especially severe will make an electrical installation almost as 
free from trouble as in more favorable industries, while neglect 
of the proper precautions in laying out a motor equipment may 
cause a large expense either in the form of maintenance charges 
or the cost of changes after the equipment is installed. 

The Handling of Freight in Terminals 

R. H. Rogers: As recorded in Mr. Rushmore’s paper, “ The 

valuation.of electric motor application . . 

is so special as to necessitate its separate statement for each 
industry.” 

This sentence paves the way for an exposition of the ad.vantages 
of electric motors in an industry closely interwoven with every 
kind of manufacturing, namely: the handling of freight in termi¬ 
nals—the Siamese twin with transportation. 

The movements of rqw materials, of processed materials, of 
manufactured and assembled products and food stuffs on their 
halting way to consumer and the subsequent return of scrapped 
material, waste and by-products to the grand circuit necessitate 
a continuous high-pressure, system of freight handling at every 
twist and turn, at the beginning and end of every transition 
from one classification to another and in every community. 
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Until recent years tHis great labor has been performed by hand 
and the first part to be mastered by power was the handling of 
bulk materials. Package freight handling has only recently 
been invaded by mechanical methods involving machines and 
motors. 

Steam power and hydraulic and pneumatic methods have been 
introduced and anb still maintained to some extent but the really 
successful agent and the thing that has done most to mechanize 
this work is electricity through its field piece—the motor. Motor- 
operated machines for the handling of bulk freight are: 

Various forms of derricks operated by multiple drum and often 
multiple motor winches. 

A multitude of machines under the general title of cranes 
with one, two, three or four motions with corresponding motors. 

Gigantic machines and combinations of machines for special¬ 
ized work in great quantities, as typified by ore and coal bridges, 
ore and coal dock equipments and car dumpers using motors 
in great variety of sizes and characteristics with corresponding 
highly developed control apparatus. 

Continuous conveyers for free-flowing bulk material, used 
for elevating, horizontal and lowering movements between cars, 
ships, storage piles or warehouses and elevators; equipped with 
motors section by section with self-protecting control devices. 

Complicated engineering problems are involved in the design 
and selection of motors and control to secure the greatest possible 
speed in the motions and the greatest tonnage per motion that 
the fabric is capable of handling. Endurance, cost to install 
and cost to operate also are important factors in the problems. 

In handling package freight not so much progress has been 
made because of the multiplex sorting and distributing necessary 
and the great variety of forms in which package freight appears. 
However, machinery is being rapidly developed that can cope with 
the varied requirements of freight terminals and because of the 
novelty of this class of motor application it is little understood 
or appreciated as a prospective power load. 

The principal methods used in this braneh of the work are: 

Storage battery vehieles, such as— 

Commercial trucks. 

Industrial or battery trucks. 

Battery truck cranes. 

Battery tractors with trailers. 

All these machines require battery charging equipments and 
consume (due to the low over-all efficiency) much more power 
than their output would indicate. From the user’s standpoint, 
however, the current consumed is of very minor importance 
compared with the advantages gained by being able to move the 
tool about, independent of any power circuit. 

Monorail apparatus composed of trolley cars suspended from 
a single overhead rail and equipped with winches and various 
clevices for lifting and carrying freight. 
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Conveyers, either fixed or sectionalized and portable; operated 
from fixed circuits or flexible cables run to nearby power services. 
These machines have simple motor and control problems and are 
becoming popular wherever quantities of packages are moved 
moderate distances. 

_ Derricks are used to a great extent in the loading and discharg¬ 
ing of ships and lighters; usually steam-driven but lately largely 
actuated by portable or fixed electric winches on wharves. 
High speed with reliable braking and moderate load capacity 
are their usual characteristics and the control features are 
capable^ of giving greater conA^enience, safety and dispatch than 
the ordinary steam winch with crank throttle, foot brake and re¬ 
verse mechanism. 

Winches are applied in a variety of ways to warehouse work, 
wharf work and. shipping in general, as they take advantage of 
the universal wire rope and hook that can go anywhere after a 
package and bring it out. 

Cranes used in package freight handling are varied in design 
and manner of doing their work—not very largely adopted in 
this country, but being more and more widely considered. A 
nurnber of rnotors are required on each crane to accomjplish the 
various motions with proper efficiency and in the best manner. 
Sorne cranes combine conveyer principles in their make-up, 
giving continuous discharge rather than intermittent drafts. 

In the improvement of any terminal the features most sought 
after are: 

Dispatch: For rolling and floating stock earn dividends only 
while in motion. The welfare of communities depend upon 
rapid transfer of the commodities that flow according to the laws 
of supply and demand. 

Increased capacity: Because freight movements are subject 
to peaks of severity and frequence, and unless able to cope with 
them, congestion often occurs of far reaching consequence and 
economic loss. 

Safety, both to persons and property, is much sought after, 
as damage claims for lost, broken or spoiled freight amount to a 
huge sum and injuries to employees are of very common occur¬ 
rence. 

Service: It is the aim of all terminal authorities to increase the 
service rendered to patrons on account of competition and the 
new desire to cultivate the good will of the public —“ the oxygen 
for the lungs of business.” 

Economy: When it is understood how great are the costs of 
freight handling as compared with freight hauling, it becomes of 
paramount importance to modernize methods to something of 
the efficiency attained in hauling. Shipping by sea costs one- 
half mill per ton-mile, hence a difference in handling, say from 
45c. per ton to 12c. per ton (not extraordinary), would equal the 
cost of hauling from Havana to Boston, or, if by rail at 7* mills 
per ton-mile, from Philadelphia to New York. 
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The costs of handling bulk freight have been reduced in a 
few years from 40 to 7 cents per ton and while a reduction to this 
extent cannot be expected in package freight, nearly as good 
results have been attained in specially favorable classes and 
lessened gains in other more difficult cases. 

The electric motor possesses great advantages over any other 
known means of actuating these varied devices both for bulk 
and package work and an outline of these advantages will be in 
order. 

(a) It transforms the energy of transmission to energy of use¬ 
ful motion closer to where the motion can be used than any other 
power device. 

(b) By virtue of a variety of designs a wide range of character¬ 
istics are available. Some are adapted for certain kinds of 
work and others for different circumstances. Not so with steam, 
air or water as each has fixed characteristics. 

(c) Nicety of control is inherent with electric devices. Speeds 
under the various circumstances can be' determined and set in 
advance. Braking can be regulated and applied surely without 
effort on the operator’s part. Acceleration is automatically 
regulated as are the various other functions of the apparatus. 
Remote control is easily arranged so that operators can see their 
work and even go along with it. Motors may be widely scattered 
to do their work best but the control of all can be brought to the 
most sightly place for one man’s convenience. 

(d) Power can be subdivided into comparatively minute por¬ 
tions without sacrificing efficiency, thus accommodating small 
power requirements so often prevailing in package freight work. 

(e) Greater speed is attainable with electric drives because of 
less effort on the part of the operator, more nearly automatic 
operation thus eliminating the personal equation and by the 
characteristics of the motor being such as to take advantage 
of every part of the cycle to increase speed. 

(/) Terminal capacities are increased by the electric motor 
through the general speeding up of movements, the use of small 
units in piling and economical stowing of goods, elimination of 
congestion periods by virtue of its capability to cope with unusual 
loads for long periods and by rendering available superimposed 
areas as contrasted with the usual ground level working area of 
terminals. 

(g) Safety goes hand in hand with electric motor methods, due 
to the automatic features, quickness of control and convenience 
of control locations. Not the least aid to safety in terminals 
is adequate lighting, though not a motor application it should 
nevertheless be more common and more intense. 

(h) Electrically equipped terminals offer greater service to 
patrons by quicker readiness to deliver and receive goods. 
Commodities are delivered with fewer damages and in more 
cleanly condition than prevails when hand methods are used. 
Reservoir effects are increased, i.e., terminals act as pools or 
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reservoirs in traffic flow and thereby render a service augmented 
by electrical machinery, which increases the pool capacity and 
hastens the filling and emptying work. 

{i) The greatest degree of economy is invariably found in 
electrified terminals, since motors can do for little money what 
many men ordinarily do for much money. They eliminate 
troubles incident to the employment of large numbers of un¬ 
skilled men and the use of ingenious machinery raises the 
standard of employees .and increases their loyalty by eliminating 
the animal-like drudgery common to the old terminal. 

If it were possible to do so, without more misleading effect than 
aid, some data would be added regarding watts per ton, but there 
are so many widely varying conditions, such as weight of units, 
weight of drafts, vertical distance, horizontal distance, rate of 
motion and auxiliary work such as checking, weighing and in¬ 
specting, that interfere with uniform results. In general, the 
cost of current is negligible as compared with the over-all cost 
of the large labor force always necessary, the overhead cost of 
terminal facilities and clerical force and the standby charges of 
floating and rolling property. However, the power used does 
aggregate a large amount when taken in connection with ade¬ 
quate lighting of terminal areas, and at least that part that goes 
to charge batteries is off-peak and very desirable. 

Motor applications in freight handling are bound to increase 
rapidly as terminals are so hemmed in by high-priced property 
as to preclude ordinary expansion, and intensive cultivation of 
present areas must follow. The electric motor is the logical 
and accepted tool for carrying on this betterment. 
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CLASSIFICATION OF ALTERNATING-CURRENT MOTORS 

BY VAL A. FYNN 


Abstract of Paper 

This paper points out that in order to ariive at a rational 
classification of alternating-current motors it is necessary to 
base all suggestions on one and the same theory. Ihe author 
thinks that the component field theory is best suited to this 
purpose, and urges that it be always so applied as to bring out the 
very great similarity between the alternating- and the well 
understood direct-current machines. 

Descriptive names are suggested for some 44 altcinating- 
current motors, including the principal forms of .single-phase, 
polyphase, commutator and commutatorless machines now 
known. These names are such as to positively identify each of 
these machines. The rules followed in preparing the diagrams 
illustrating the various forms of motors and in selecting the 
proposed names, are given. In order to enable the leadci to 
quickly judge of the aptness of these names, the theory of each 
of the motors dealt with is briefly outlined. It is thought that 
the information given will make it easy to correctly represent, 
describe and classify any motor whicli may have been omitted. 

It is further pointed out that the term “ repulsion ’’ as aiiphed 
to motors, has never been defined, that no practical motors 
operate on what has been known as the repulsion principle ever 
since 1820, and that there is no justification whatsoever for the 
use of this term in connection with alternating-current motons. 
Such an indefinite term leads merely to endless confusion ^and 
should be abandoned. If it is not abandoned, it should be given 
a rational and definite meaning. 


T he operation of dynamo-electric machines can always be 
expolained in one of two ways; either by considering the re¬ 
sultant magnetic field, or by dealing with each of the component 
fields separately throughout the investigation. Both methods 
lead to correct results provided each is handled with ecjual skill 
and accuracy. But it has been my uniform experience that the 
resultant field theory is much more difficult to apply to alter¬ 
nating-current commutator motors, and although the final 
result is as correct as that obtained by what may be termed the 
component field theory, yet the latter gives a very much clearer 
insight into the intermediate stages, and I Ijelieve, approximates 
much more closely the actual facts. As an illustration, I may 
state that although I had devoted a number of years to the care- 
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ful study of single-phase motors of all types, yet I was unable 
to make any appreciable progress until, in the 90’s, I developed 
a component field theory of these machines, based on the theory 
of the ordinary direct-current motor. I firmly believe that 
students of the present day find themselves in exactly the same 
position. When the so-called “ repulsion motor ” is first brought 
to their attention, they no doubt imagine that they are faced with 
a machine which stands in a class all by itself and has no relation 
whatsoever to those with which they are already familiar. The 
component field theory, based on the theory of the ordinary 
direct-current motor, immediately dispels this illusion and 
brings home to the student the fact that the so-called repulsion 
motor is nothing but an alternating-current form of the well- 
known direct-current series machine. I find that this theory 
makes it possible to positively and readily identify each of the 
many single and polyphase motors with and without commuta¬ 
tors. An identification based on this theory may, in some 
cases, require quite a number of words, but there can be nothing 
astonishing in this fact if it is remembered that a great many 
of the alternating-current commutator motors only differ from 
each other in the matter of detail. Knowing of no rational 
way of more shortly describing such motors except by using 
coined expressions or by sacrificing accuracy and positiveness, 
I base the terminology and classification here proposed on 
the component field theory above referred to. 

In the following I will give the rules which I have followed 
in preparing the appended diagrams and in suggesting names 
for the various motors which they illustrate. I will also give 
a short outline of the manner in which each of the motors 
operates, thus making it easily possible for the reader to judge 
of the aptness of the suggested designation. 

Rules Followed in Preparing Diagrams and in Suggesting Names 

EOR THE Various Types of Motors 

1. A commuted winding is represented by a thick circle and is always 
assumed to be a “left-hand” Gramme ring winding. The brushes are 
supposed to rest directly on the winding, commutator and commutator 
connections being dispenced with. The direction of the armature re¬ 
action flux is indicated by a straight arrow marked R. In the case of a 
“ left-hand ” Gramme ring winding the direction of the flow of current 
from brush to brush corresponds with the direction of the armature reac¬ 
tion flux set up by said current. See Fig. 1. 

2. A distributed stator winding is indicated by a number of concentric 
turns with the same axis as that of the resultant magnetization produced 
by the distributed winding it represents. See winding F of Pig. 2. 
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3. A unicoil stator winding is represented by a number of concentric 
turns and the legend “unicoil.” When a winding may be either distrib¬ 
uted or unicoil without materially influencing the operation of the 
machine, the legend “ or unicoil ” may be added. 

4. A stator winding adapted to inductively convey working energy 
to the rotor is marked W. 

5. A stator winding adapted to inductively convey working and ex¬ 
citing energy to the rotor is marked S. 

6. A stator winding adapted to inductively convey exciting energy 
to the rotor is marked E. 

7. A neutralizing winding is one producing a flux opposed in direction 
to the armature reaction flux. It is usually disposed on the stator and 
is marked N. 

8. An exciting winding is one producing or contributing to the produc¬ 
tion of the motor, or torque producing, field. When located on the stator 
it is marked F. 



Fig. 1—Left-Hand Gramme Ring Winding 


9. A compensating winding is one producing a flux or generating an 
e.m.f. used for adjusting the power factor of the machine. When located 
on the stator it is marked C. 

10. Working or armature brushes are shown black designated by the 

letters ai a^ . an and so located with respect to the (rotor) winding 

with which they cooperate that current directed through said winding 
by the working brushes, produces nothing but working or armature 
ampere-turns. 

11. Exciting or field brushes are shown white, designated by the letters 

fi fi . fn and so located with respect to the (rotor) winding with 

which they cooperate that current directed through said winding by 
the exciting brushes produces nothing but exciting ampere-turns. 

12. Brtishes so located with respect to the (rotor) winding with which 

they cooperate that current directed by them produces armature or 
working as well as exciting ampere-turns in said winding, are shown 
sectioned, and designated by the letters bibi . bn- 

13. A shunt transformer is designated by the letter T. 

14. A series transformer is designated by the letters ST. 

15. Current directed up through the paper is shown by a circle with 
a dot in its center. 
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16. Current directed down through the paper is shown by a totally 
filled-in circle. 

17. The direction oj rotation of the motor is shown by a curved arrow, 

18. The direction of the working or exciting current through a stator 
winding is indicated by a straight arrow placed alongside said winding. 
In the case of polyphase motors arrows alongside windings belonging 
to different phases, show the direction of the current in said windings at 
a time interval of 180/n degrees, where n is the number of phases. 

19. The direction of the motor field produced by a rotor winding is indi¬ 
cated by a straight arrow marked Fr. 

20. The armature or working axis is always placed vertically, the exciting 
axis horizontally, in single-phase motors. 

21. The word commutator may be omitted in describing a motor having 
a commutator, provided no equivalent commutatorless machine is known. 

22. A conduction motor is one in which the energy required by its arma¬ 
ture. generally the rotor, is conveyed to it by conduction. When nothing 
to the contrary is stated, it will be assumed that the machine spoken of 
is of the conduction type. 

22>. An induction motor is one in which the energy required by its 
armature, generally the rotor, is conveyed to it by induction. 

24. A series motor is one in which the field excitation varies in some 
proportion with the armature current, and the speed of which, therefore, 
varies with varying load. 

25. A shunt motor is one in which the working and exciting e.m.f's 
remain practically constant independently of the load. The speed of 
such motors will generally be constant for all loads, but will not neces¬ 
sarily be a nearly synchronous one, 

26. A compensated motor is one in which means, other than a neutral¬ 
izing winding, are provided for adjusting (improving) the power factor 
, of the, machine. 

27. A motor with stator excitation is one in which the motor, or torque- 
producing, field is due to a winding disposed on the stator. When nothing 
to the contrary is stated, it will be assumed that the motor in question 
has stator excitation. 

28. A motor with rotor excitation is one in which the motor, or torque- 
producing, field is due to a winding located on the rotor 

29. A separately-excited motor is one in which the field excitation is de¬ 
rived from the mains, either directly or through the agency of apparatus 
which is independent of the motor itself, and whether the exciting cur¬ 
rent is taken to a winding on the rotor or on the stator. When noth¬ 
ing to the contrary is said, it will be assumed that the motor is sepa¬ 
rately-excited. 

30. A self-excited motor is one in which the exciting current is due to 
an e.m.f. generated in the motor itself by induction. Such an e.m.f. 
may be generated in the rotor by rotation in a flux, or by static induc¬ 
tion from the stator, or it may be generated in the stator by static 
induction from the rotor, or from the stator. 

31. A motor with mixed excitation is one which is separately as well as 
self-excited. 

32. A conductively-neutralized motor is one in which the armature re- 
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action flux is neutralized by means of a winding (generally located on 
tbe stator) connected in series relation with the armature brushes. In 
speaking of such a machine it will be sufficient to refer to it as a neutralized 
motor. 

33. An inductively neutralized motor is one in which the circuit of the 
neutralizing winding is closed independently of the armature brushes 
and is placed in inductive relation to the armature reaction flux. Note 
that an induction motor is ipso facto an inductively neutralized motor. 

34. A motor with independent brushes is one in which brushes which are 
not interconnected and not connected to the supply so cooperate with 
the commutator as to each ■ short circuit a number of the coils of the 
commuted winding. 

35. A single-phase motor is one which receives the whole of the working 
energy it requires from only one phase of an alternating-current supply. 
It may receive its exciting energy from the same or from another phase. 

36. A polyphase motor is one which receives working energy from a 
plurality of phases of an alternating-current supply. 

37. When diagrams represent machines with more than two poles, 
a legend to that effect should appear. 


PROPOSED NAMES AND THEORY OF OPERATION 

Motors with Series Characteristic 

Single-Phase Series (Conduction)* Motor. Fig. 2. 

Two co-pliasal fluxes, R and F, are set up in this machine 
The flux R is due to the rotor ampere-turns. The flux F is 
located at 90 electrical degrees to i?,,and is due to the stator 

ampere-turns F. R performs no useful 
® ^ t work. F cooperates with all the rotor 

il/liil ampere-turns to produce the motor 

V* tlBlI torque and is therefore the motor flux 

P \ field. Energy is conveyed to arma- 

windings conductively. 
The back e.m.f. is generated in the 
Fig. 2 — Single-Phase armature conductors by rotation in the 
^OTOR motor field and appears at the brushes 

ai ai. The machine has a series char¬ 
acteristic, because the motor field varies in proportion with 
the armature current. The motor field is always practically in 
phase with the armature ampere-turns, and the torque per 
ampere is independent of the power factor. The machine does 
not possess any inherent power-factor-improving qualities; 
in other words, it is not self-compensating. Its power factor 

*Terms included in brackets are not supposed to form part of the pro¬ 
posed name and are added merely for the sake of explanation. 
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is low at all speeds, principally because of the high armature in¬ 
ductance, but rises with increasing speed. The machine may 
be reversed by changing the direction of the current through 
the armature or through F. The stator may or may not have 
defined polar projections. The field winding may be of the 
distributed or of the unicoil type. 

Neutralized Single-Phase Series (Conduction) Motor. Fig- 3. 

This differs from the motor shown in Fig. 2, only in that the 
armature reaction flux R, which performs no useful work, is 
neutralized by means of the stator winding N located and dimen¬ 
sioned to produce a flux equal and opposite to R. The neutraliz¬ 
ing winding N is in conductive relation to the armature .circuit 
and should be of the distributed type in order to secure the best 



Fig. 3—Neutralized Single- Fig. 4—-Neutralized Single- 

Phase Series (Conduction) Mo- Phase Series (Conduction) o- 

TOR WITH Rotor-Excitation 

results. The power factor of this machine is higher than that 
of the one shown in Fig. 2, because of the lower self-induction 
of the rotor, but the machine is not self-compensating, although 
very high power factors can be reached at speeds above the 
synchronous. 

Neutralized Single-Phase Series (Conduction) Motor with Rotor- 
Excitation. Fig. 4. 

There are three-cophasal fluxes, N, R and Fr, in this machine. 
The flux N is due to the stator ampere-turns N, each of the others 
is due to part of the rotor ampere-turns. The total rotor 
ampere-turns exceed the stator ampere-turns, and the brushes 
h\ h% are so displaced with respect to the axis of N that the 
flux R due to the rotor ampere-turns comprised within the angle 
360 — 4 q; degrees equals and opposes N. The remaining rotor 
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ampere-turns comprised within the angle 4a produce the flux 
Fr at 90 electrical degrees to the two others. The rotor ampere- 
turns distributed along those parts of the rotor circumference 
which are distinguished by heavier lines (360 - 4a) do duty as 
armature ampere-turns. The remaining rotor ampere-turns ^(4 a) 
do duty as field ampere-turns, producing the only really existing 
field Fr of the machine. Fr is the motor field, it co-operates 
with the armature ampere-turns on the rotor to produce the 
motor torque. Energy is conveyed to armature and. field 
windings conductively. The back e.m.f. is generated in the 
armature conductors of the rotor (360 - 4a) by rotation m 
the motor field Fr. The machine has a series characteristic 
because the motor field varies in proportion with the armature 
current. The motor field is always practically in phase with 
the armature ampere-turns, and the torque per ampere is in¬ 
dependent of the power-factor. The machine is not self-cotn- 
pensating, but its power factor rises with increasing spee . 
It may be reversed by moving the brushes through 2 a degrees 
against the direction of the initial rotation; this reverses the 
direction of the motor field but not that of the armature ampere- 
turns on the rotor. The stator may or may not have defined 
polar projections. The neutralizing winding should preferably 
be of the distributed type. 

Because of the conductive relation between stator and rotor 
windings in Fig. 4, there is no fixed relation between the ampere- 
turns in N and the coaxial rotor ampere-turns. Provided 
there are more turns on the rotor than on the stator, it is 
always possible to so locate the brushes &i &2 as to make the 
vertical rotor ampere-turns equal and opposite to the N ampere- 
turns. It follows that it must also be possible to so locate said 
brushes as to make the vertical rotor ampere-turns either larger 
or smaller than those of N. It should be noted that no such 
condition can be secured in case the relation between stator and 
rotor windings is inductive instead of conductive. 

When the rotor turns exceed those of iV, a value of a differing 
from zero can be found for which the vertical rotor ampere- 
turns are greater than the N ampere-turns. In such a case a 
flux R N will be present along the axis of iV, in addition to the 
motor field Fr along the horizontal axis. This additional flux 
R N cooperating with the rotor ampere-turns responsible for 
Fr and located within 4a degrees, will develop a negative torque, 
i.e., one opposed in direction to that due to the interaction of 
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Fr and of the armature ampere-turns (360 - 4a) on the rotor. 
Otherwise the machine will behave as before. 

If Oi is so chosen as to make the vertical rotor ampei e-turns 
smaller than those of N, then & Mx N R will be present along 
the axis of N in addition to Fr in the horizontal axis, and the 
flux N R cooperating with the rotor ampere-turns responsible 
for Fr, will develop a positive torque. Otherwise the machine 
will behave as before. 

Indiictively-Neutralized Single-Phase Series (Conduction) Motor. 

Fig- 5. . 

This machine differs from that shown in Fig. 3 only in that 
the neutralizing winding N is in inductive instead of conductive 
relation to the armature ampere-turns. A motor of this kind 
must always be under neutralized, since no current can be in- 



Fig. 5—Inductively-Neutra- Fig. 6—Inductively Neutra¬ 

lized Single-phase Series (Con- lized Single-phase Series (Con¬ 
duction) Motor duction) Motor with Rotor- 

Excitation 

duced in N unless a flux of mutual induction is present, which 
flux must be supplied by armature ampere-turns. A con- 
ductively neutralized motor (Fig. 3) can, on the other hand, be 
neutralized or over neutralized to any desired degree.^ The 
lower the ohmic resistance of N in Fig. 5, and the better its induc¬ 
tive relation to the armature ampere-turns, the more complete the 
neutralization of the armature self-induction. The flux of 
mutual induction along the brush axis only aflects the commuta¬ 
tion. The machine shown in Fig. 5 otherwise operates just 
the same as that illustrated in Fig. 3. 

Inductively-Neutralized Single-Phase Series (Conduction) Motor 
with Rotor-Excitation. Fig. 6. 

There are four fluxes to be considered in this machine: A 
vertical flux of mutual induction due to a magnetizing current 
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circulaliiiK in the rotor; a vertical armature reaction flux R due 
to the true rotor working current; an equal and opposite flux 
due to the current induced in iV; and a horizontal flux Fr due 
to the total rotor current, i.e., to the vectorial sum of rotor 
magnetizing and working currents. R and N perform no use u 
work and cancel each other. Fr cooperates with the total rotor 
ampere-turns comprised within 360 - 4 « degrees, to produce 
the main motor torque. The vertical flux of mutual induction 
is usually very small because of the low impedance of N. this 
flux affects commutation and produces a subsidiary torque wit i 
the total rotor ampere-turns responsible for Fr and located 
within 4 q: degrees. This subsidiary torque is negative and 
dminishes rapidly with increasing speed, reaches zero, and may 
become positive. It is small at any time because of the small¬ 
ness of the vertical flux of mutual induction. By rotation of 
the motor field producing turns (4 a) in said flux, an e-m.f. is 
generated in the rotor which increases its impedance, thereby 
lowering the power factor of this machine. This effect is,_ how¬ 
ever, small because the vertical flux of mutual induction is 
small at all speeds and decreases with increasing speed. 

Energy is conveyed to armature and field windings conduc- 
tively The back e.m.f. is generated in the armature conduc¬ 
tors comprised within 360 - 4 a degrees by rotation in the 
motor field produced by the rotor conductors comprised within 
4 a degrees. The machine has a series characteristic, because 
the motor field varies in proportion with the armature current. 
The motor field is always practically in phase with the aimiature 
ampere-turns and the torque per ampere is independent of the 
power factor. The power factor is slightly worse than that ot 
Fig. 5. The machine may be reversed by moving the brushes 
past the axis of N and against the initial direction of rotation. 
It should be noted that because of the inductive relation be¬ 
tween rotor and stator the total rotor ampere-turns, as well 
as those in the axis of N, must always exceed the ampere-turns 
in N regardless of the magnitude of a. The stator may or 
may not have defined polar projections. The neutralizing wind¬ 
ing should be distributed. 

Inductively-Neutralized Single-Phase Series (Conduction) Motor 
with two Conductively Related Rotor Circuits. Fig. 7 
The mode of operation and characteristics of this machine 
are identical with those of the previous one, with this difference, 
that the armature and the field ampere-turns on the rotor are 
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produced in independent but conductively linked rotor windings. 
One of these does exclusive duty as armature and the other 
exclusive duty as field winding. This machine may be reversed 
by reversing the current through the rotor armature winding 
cooperating with the brushes ai a 2 , or through the rotor field 
winding cooperating with the brushes fi fz. 

Neutralized Series (Conduction) Motor with two Inductively 
Related Rotor Circuits. Fig. 8. 

The mode of operation and characteristics of this machine 
are identical with those of the one shown in Fig. 4, with this 
difference, that the whole of the rotor winding is made use of as 
armature winding along one axis and as field winding along an 
axis at right angles to the first. To this end, independent arma- 



Fig. 7 —Inductively-Neu¬ 
tralized Single-Phase Series 
(Conduction) Motor with Two 
Conductively Related Rotor 
Windings 



Fig. 8—Neutralized Series 
(Conduction) Motor with Two 
Inductively Related Rotor 
Circuits 


ture or working brushes ai a<i and field or exciting brushes /i 
are used, the two rotor circuits being inductively linked by means 
of a series transformer S T. Whether an additional torque is 
produced between the field armpere-turns and the flux R N ox 
N R depends on the number of turns in N. The direction of 
rotation may be reversed by reversing the current through the 
working circuit N, ai a^, S T, or the exciting circuit/ 1 / 2 , ST. 

Neutralized and Compensated Series (Conduction) Motor with 
two Indtictively Related Rotor Circuits. Fig. 9. 

This motor differs from the previous one only in that the com-- 
pensating winding C has been added. The flux produced by C 
lags about 90 electrical degrees behind the terminal e.m.f.; it 
affects the commutation under the brushes ai a<i, cooperates 
with the exciting ampere-turns on the rotor to produce an 





1915] 


FYNN: A-C. MOTORS 


1359 


auxiliary torque, and is responsible for a compensating speed 
e.mi. appearing at the brushes/ 1/2 and of course due to the ro¬ 
tation of the rotor conductors in the flux C. At starting, the 
effect of C on commutation is negligible, and it has no phase- 



or uiiicoil. 


compensating influence, but 
contributes an appreciable 
and positive auxiliary torque. 
As the speed increases the 
auxiliary torque diminishes, 
pr and may reverse, but the 
* compensating effect and the 
influence of C on the com¬ 
mutation increase. 
Single-Phase Series (Conduc¬ 
tion) Motor with Mixed 
(Stator) Excitation. Figs. 


Fig. 9—Neutralized and Com¬ 
pensated Series (Conduction) 


10 and 11. 

This machine, devised in 


Motor with Two Inductively Re- ^888,* is one of the earliest 
DATED Rotor Circuits single- phase commutator 



motors, but is somewhat difflcultto 
represent diagrammatically along 



Fig. 11—Single-Phase Series 
(Conduction) Motor with 
Mixed (Stator) Excitation 


Fig. 10—Single Phase Series the lines adopted in all other cases; 
(Conduction) Motor with attempt in this direction is 

Mixed (Stator) Excitation in Fig. 11. 

Referring more particularly to Fig. 10, there are four fluxes 
to consider: A flux of mutual induction M linking the primary 
stator winding E' connected to the mains with the secondary 

*See U. S. P. 591,301. 
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stator winding F" connected to the rotor winding. This flux 
closes without passing through the rotor. A flux R due to the 
rotor ampere-turns and threading the rotor in a vertical direc¬ 
tion. A flux F" threading the rotor in a horizontal direction 
and due to the ampere-turns in the secondary stator winding 
F". A flux F' also threading the rotor in a horizontal direction 
but due to ampere-turns in the primary stator winding F', 
which are equal to those in F" but oppose the latter along the 
path of the flux of mutual induction M. The primary of the 
transformer F' F" carries magnetizing current and load current 
as is usual; the secondary carries load current only. The flux 
M is practically in phase with the primary magnetizing current; 
the fluxes F' and F" are practically in phase with and propor¬ 
tional to the load currents in primary and secondary respec¬ 
tively, and are therefore in phase with each other. The flux R 
is in phase with and proportional to the rotor ampere-turns. 
The fluxes F' and F" cooperate with all the rotor ampere- 
turns and produce the motor torque, and are therefore the 
motor fields. The field excitation is derived in part directly 
from the mains through the primary F', and is in part generated 
in the rotor itself by static induction from F' to F", M conveys 
energy from F' to F", from which winding it is conductive! y 
transferred to the rotor by way of the brushes ax a<i. The whole 
rotor does duty as armature, and R is therefore the armature 
reaction flux; it does no useful work and can be neutralized with 
advantage. The back e.m.f. is generated in the armature con¬ 
ductors by rotation ..in the motor field F' -\- F". The machine 
has a series characteristic, because the motor field varies in 
proportion with the armature current. The motor field is al¬ 
ways practically in phase with the armature ampere-turns, and 
the torque per ampere is independent of the power factor. The 
machine is not self-compensating. Other things being equal, 
its power factor is somewhat lower than that of Fig. 2, for in¬ 
stance, because of the flux M. If a neutralizing winding is 
added, the power factor will be comparable with that of the 
motors shown in Fig. 3 or 5. The machine may be reversed by 
changing the direction of the current through the armature 
The stator should have defined polar projections. The field 
windings should be of the unicoil type. This machine is really 
a combination of a reducing transformer with a motor. The 
primary and secondary windings of the transformer also do duty 
as field exciting windings for tix^ motor, the rotor of which re- 
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ceives its energy from the secondary of said transformer by 
conduction. 

Inductively-Neutralized and Self-Excited Single-Phase Series 
(Conduction) Motor with Rotor-Excitation. Fig* 12 . 

Four fluxes are to be considered: A vertical flux of mutual 
induction linking rotor and stator windings and due to a mag¬ 
netizing current circulating through the rotor; a vertical arma¬ 
ture reaction flux R due to what may be referred to as the true 
rotor working current; an equal and opposite flux due to the 
current induced in N\ and a horizontal flux Fr due to the cur¬ 
rent induced in N but circulating through the rotor along the 
axis /i fz. R and N perform no useful work and cancel each 

other. Fr cooperates with the total verti- 
I cal rotor ampere-turns, i.e., those due to 

T ~ ^ the rotor magnetizing as well as to the 

'' — true rotor working current, to produce 

tbe main motor torque. The vertical 
Lcp JEl flux of mutual induction is large, be- 

cause of the high impedance of the 
—* -exciting circuit /1/2, fed by the neutral- 

_ 1 o T izinsf winding N. Said flux affects the 

Fig. 12—Inductively- wiiiujug x , . 1 t. 

Neutralized and Self- commutation under the working brushes 
Excited Single-Phase a\ ao,, produces an auxiliary, appreciable 
Series (Conduction) negative torque with the rotor 

Motor with Rotor- siting ampere-turns, and is responsible 
Excitation appearance, at the exciting 

brushes, of a speed e.m.f. of such phase as to increase the im¬ 
pedance of the exciting circuit and therefore to lower the power 
factor of the machine. 

Energy is conveyed to the armature by conduction. The 
exciting e.m.f. is generated in the neutralizing winding N by 
induction from the rotor. The back e.m.f. is generated in 
the vertical rotor axis by rotation of the rotor conductors in 
Fr. The machine does not possess a true series characteristic 
because of the strong negative and irregularly varying torque 
due to the vertical flux of mutual induction, and because 
the phase relation between Fr and the vertical rotor ampere- 
turns is a variable one. The power factor is low at all speeds. 
The machine may be reversed by reversing the connections 
between N and the horizontal rotor axis. The general per¬ 
formance is very poor. 
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Self-Excited Single-Phase Series Induction Motor with Rotor- 

Excitation. Fig. 13. 4 _ 

The theory of this machine becomes self-evident the moment 

one realizes that the only difference between it and the motor 
shown in Fig. 4, is that, in the latter, energy is conveyed to 
the rotor by conduction whereas in this case it is conveyed to 
the rotor by induction. In order to convert Fig. 4 into Fig. 13, 
it is, indeed, only necessary to short circuit the brushes b, b. 
There are four fluxes to consider. A vertical flux of mutual 
induction (transformer flux) due to a magnetizing curren cir 
dilating in the primary or stator winding 5; a vertical rotor flux 
R due to the current induced by the transformer flux in the short 
circuited secondary or rotor and circulating in the rotor conduc¬ 
tors located within 360—4 a degrees; an 
equal and opposite, neutralizing, flux, 
due to the corresponding current m S; 
and a horizontal flux Fr due to the current 
induced in the rotor and circulating in the 
conductors located witMn 4 a degrees and 
therefore out of inductive relation with the 
stator winding 5. The flux R and the 
opposing stator flux are co-phasal with the 
flux Fr] they cancel each other and there¬ 
fore perform no useful work. Fr cooperates 

^ • A -t r Ti 



Fr 


a-*j*a 


Fig. 13—S elf- 
with the rotor conductors responsible for J? E x c^i« 

(360 - 4 q: ) in producing the mam motoi Motor with 

torque. The vertical flux of mutual indue- j^qjqjj.excitation 

tion cooperates with the rotor conductors _ _ 

(4o;) responsible for Fr to produce an auxiliary and positive 
torque, which diminishes as the power factor of the motor 
improves. This flux is also responsible for a speed e.m.f., 
generated by rotation in said flux of the rotor conductors lo¬ 
cated within 4 a degrees. This e.m.f. is of a phase adapted to 
decrease the rotor impedance, thus improving the power factor 
of the motor. This inherent quality cannot raise the power 
factor to unity, but it improves it materially, thus rendering 
the machine self-compensating. This self-compensation in¬ 
creases with increasing transformer flux and speed. 

Energy is conveyed to the rotor conductors doing duty as 
armature (360-4 a) and to those doing duty as field windings 
(4 a), inductively. The back e.m.f. is generated in the arrn- 
ature conductors by rotation in Fr] it reduces the current in 
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the secondary (rotor) and increases the flux of mutual induction, 
linking the rotor with the primary- S. The machine has a 
series characteristic because the motor field varies in propor 
tion with the armature current. The motor field is a ways 
practically in phase with the armature ampere-turns, an t e 
main torque is independent of the power factor. The auxi lary 
torque is too small to materially affect the torque characteristic 
within the normal speed range. The power factor rises to near 
unity at about synchronism. The machine may be reverse y 
moving the brushes though a degrees against the direction ot 
the initial rotation, whereby the direction of Fr only is reverse . 
The stator should have no defined polar projections, and the 
stator winding should be distributed. 



W 


Pig. 14-Single-PhaseSeries Fig. 15-Single-Phase Series 

Induction Motor (with Stator- Induction Motor (with Stator- 
Excitation) Excitation) 

Single-Phase Series Induction Motor (with Stator-excitation) 

Figs. 14 and 15. . . j- 

The actual distribution of the stator windings diagram- 
matically indicated in Fig. 14. is shown in Fig. 15. It is clear 
that F can have no statically inductive effect on the rotor wind¬ 
ing which can make itself felt within the brush circuit, 
rotor will be fully responsive to the inductive effect of W. There 
are four fluxes to consider; A transformer flux due to a mag¬ 
netizing current in W; an armature reaction flux R due to the 
ampere-turns induced by TF in the rotor; an equal and oppos^e 
flux due to the corresponding neutralizing ampere-turns in 
and an exciting flux F due to the stator magnetizing and neutral¬ 
izing currents flowing through F. The flux R is neutral^e 
by the opposing flux due to IF and does no useful work The 
flux of mutual induction affects the commutation on y. 
produces the motor torque in cooperation with all of the rotor 

mpere-turns. 
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Energy is conveyed to the armature inductively and to the 
field winding conductively and directly from the mains. The 
back e.m.f. is generated in the armature conductors by rotation 
in the motor field and appears at the brushes ai a%\ it decreases 
the rotor current and increases the transformer field. The 
machine has a series characteristic because the motor field varies 
practically in proportion with the armature current at all but 
very light loads. The motor field is always a little out of phase 
with the armature current, and the torque per ampere is almost 
independent of the power factor, which is low at all speeds. 
The machine may be reversed by changing the direction of 
the current through F or through W. 

Self-Excited Single-Phase Series Induction Motor with Rotor- 

Excitation and Independent Brushes. Fig. 16. 

This is the modern form of the motor invented by Elihu 
Thomson, in 1887,* and referred to by him as a ‘'repulsion 
motor.” Only one bmsh may be used, and the width of each 

brush may vary within wide limits. 

There are four fluxes to consider: A vertical flux of mutual 
induction (transformer flux) due to a magnetizing current cir¬ 
culating in the primary or stator winding S; a vertical rotor flux 
R due to the vertical component of the current induced by the 
transformer flux in the coils short circuited by the brushes &; 
an equal and opposite, i.e., neutralizing, flux due to the corres¬ 
ponding current in 5; and a horizontal flux Fr due to the hori¬ 
zontal component of the current induced in the short circuited 
rotor coils. The flux R, the opposing stator flux, and Fr are 
co-phasal; the first two cancel each other and therefore per¬ 
form no useful work. Fr cooperates with the rotor ampere- 
turns responsible for R to produce the main motor toique. 
The vertical flux of mutual induction cooperates with ^ the 
rotor ampere-turns responsible for Fr, to produce a positive 
auxiliary torque which diminishes as the power factor improves. 
By revolution of the rotor conductors in this transformer flux, 
a compensating e.m.f. is generated within the rotor short cir¬ 
cuits, tending to raise the power factor of the machine. 

Working and exciting energy is conveyed to the rotor by in¬ 
duction. The back e.m.f. is generated in the rotor short cir¬ 
cuits by rotation in Fr, and tends to decrease the rotor current 
and increase the flux of mutual induction. The machine has 
a series characteristic, because the motor field varies in pro- 


*See U. S. P. 363, 185. 
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portion with the armature current. The motor held is always 

practically in phase with the armature ampere-turns and the 

torque per ampere is independent of the power f^ ^ 

power factor is good at speeds near the synchmnous. IthoTauad- 
may be reversed by shifting the brushes into the other qua 

rants. This machine is not now used; it is much 

that shown in Fig. 13. although it has the same general char- 

acteristics as the latter. 

Self-Excited Single-Phase Series Induction Motor Rotor- 

Excitation and two Independent_ Rotor Circmts. 

This machine operates exactly like that with 

but utilizes the rotor copper much more efficien y and whh 
much smaller friction losses. Electrically the result is the sam 
whether one short circuits the brushes h h by means of a c 


S 


Fr 


Fig. 16-—Self-Excited Single- 
Phase Series Induction Motor 
WITH Rotor-Excitation and In¬ 
dependent Brushes 

ductor or replaces them by a single brush covering the arc 
previously short-circuited by the two interconnected brushes. 
The arrangement shown in Fig. 17 is practical and allows o a 
vhde regulation of the motor, for instance by moving the brushes 

bi and bi. 

Self-Excited Single-Phase Series Induction Motor with Rotor- 
Excitation and two Inductively Related Rotor Circuits. Fig. 18. 
The mode of operation and characteristics of this machine 
are identical with those of the one shown in Fig. 13, with this 
difference, that the whole of the rotor winding is made use of 
as armature winding along one axis and the whole of it is made 
use of as field winding along an axis at right angles to the first. 
To this end, independent brushes f\ fi are used, the two lotoi 
circuits being inductively linked by means of the series tians- 



PIG. 17—Self-Excited Single- 
Phase Series Induction Motor 
WITH Rotor-Excitation and Two 
Independent Rotor Circuits 
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former ST. The direction of rotation may be reversed by re¬ 
versing the direction of the exciting current, which is done by 
changing the connections between ST and the brushes/i/a- 
Self-Excited Single-Phase Series Induction Motor with Rotor- 
Excitation and two Conductively Related Rotor C'lrcuits. 
Fig. 19. 

The mode of operation and characteristics of this machine 
are identical with those of the previous one, with this difference 
that the armature and the field ampere-turns on the rotor are 
produced in independent but conductively-linked rotor windings. 
One of these does exclusive duty as armature and the other 
exclusive duty as field winding. This machine may be reversed 
by reversing the current through the rotor winding doing duty 



ai 


Fig. 18 —Self-Excited Single- 
Phase Series Induction Motor 
WITH Rotor-Excitation and 
Two Inductively Related 
Rotor Circuits 



ai 


Fig. 19 —Self-Excited Single- 
Phase Series Induction Motor 
WITH Rotor-Excitation and 
Two Conductively Related 
Rotor Windings 


as field winding. The machine is less flexible than that shown 
in Fig. 18, because of the absence of the transformer, which 
can of course be of the adjustable ratio type. 

Self-Excited Single-Phase Series Induction Motor {y.m,th Stator- 

'vr^fn 'F'lP* 20• 

Fo^ tees must be taien into account: A vertical te of 
mutual induction due to a magnetizing current m F; a vertical 
armature reaction flux R due to the ampere-turns induced_ in 
the rotor by 5; an equal and opposite flux due to correspondmg 
ampere turns in 5; and a horizontal flux due to the stator winding 
F through which is sent the current induced in the rotor by b. 
The flux R and the corresponding stator flux cancel each other. 
F cooperates with all the rotor ampere-turns to produce the 
motor torque. The flux of mutual induction affects only the 

commutation. 
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Working and exciting energy is conveyed to the rotor from 
by induction. The back e.m.f. is generated in the rotor, -z-.e., 
armature conductors, by rotation in the motor flux F the ma¬ 
chine has a series characteristic, because the motor field varies 
in proportion with the armature current. The motor ■ 
always practically in phase with the armature ampere-turns 
and the torque per ampere is independent of the power factor. 
The machine is not self-compensating; its power factor is ower 
than that of Fig. 13, for instance, but increases with nsmg spec . 
The machine may be reversed by reversing the direction of the 
current through the stator field winding. 





Fig. 20—Self-Excited Single- Fm. 21 

Phase Series Induction Motor cited) Single-Phase Se 
(WITH Stator-Excitation) Induction Motor with Rotor 

Excitation 

(Separately-Excited) Single-Phase Series Induction Motor mth 
Rotor Excitation. Fig. 21. 

The mode of operation and charactenstics of this machin 
are readily recognited when it is realized that the “"(y 
between it and the motor shown m Fig. 18. is ftat the mo 
flux Pr in that figure is produced by the 
the static transformer S — ai a%, whereas in ng. , 
is produced by the primary current of the transformer » - 
While the motor field exciting current in Fig. 18 is ‘ 

phase with the working cun-ent threading the rotor along e 
vertical axis, and the phase difference between the mom'- flux 
Fr and the rotor working ampere-turns amounts mere y 
small iron lag of Pr behind the current producing it, in the ma¬ 
chine under discussion the phase difference 
the rotor working ampere-turns is increased by ’ o i 
ence between the secondary and primary currents of 
former W - Oi ai. This phase difference is. of course, due to 
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the magnetizing current in the primary W, which is responsible 
for the flux of mutual induction in the vertical axis, and which 
conveys the working energy to the rotor. This motor is said 
to be separately excited, because the exciting energy is taken 
directly from the mains. The vertical flux of mutual induc¬ 
tion is responsible for an auxiliary and positive torque, as in all 
similar machines, and also for a phase compensating speed 
e.m.f. which appears at the exciting brushes / 1/2 and is thus in¬ 
troduced directly into the primary or stator circuit, instead of 
being first generated in the secondary or rotor circuit, as in 
Figs. 13 and 16 to 19 inclusive. This speed e.m.f. reduces the 
impedance of the primary or stator circuit and thus raises the 
power factor of the machine. A series transformer may be in- 



FiG. 22— (Separately- Fig. 23 —(Separately-Excited) Single- 

Excited) Single-Phase Phase Series Induction-Conduction Mo- 
Series Induction Motor tor with Rotor-Excitation 
WITH Rotor-Excitation 

terposed between W and the horizontal rotor axis without 
affecting the mode of operation or the characteristics of the ma¬ 
chine ; but the use of' such a transformer adds to the flexibility of 
the motor. 

(Separately-Excited) Single-phase Series Induction Motor with 
Rotor-Excitation. Fig. 22. 

This machine is identical with that shown in Fig. 21, except 
for the arrangement of the brushes cooperating with the rotor 
winding. The latter is here short circuited along the lines 
bib 2 and bzbi, both of which are parallel to the axis of the stator 
winding W, whereas in Fig. 21, the rotor is short circuited along 
the very axis of W. The current induced in the rotor and pro¬ 
ducing the armature reaction flux R, only circulates in those 
rotor conductors which are spanned by the two short circuits. 




13{)9 


1915] FYNN: A-C. MOTORS 

The distribution of this current is shown by dots and circles 
placed inside the rotor winding. The primary current, producing 
Fr, and conducted through the rotonby wa^'" of the short circuited 
brush groups, only circulates in the remaining rotor conductors, 
as shown by the dots and circles placed outside the rotor winding. 
Because the same brushes carry the induced working and the 
conduced exciting current, they are shown sectioned. 

(Separately-Excited) Single-Phase Series Induction-Conduchon 
Motor with Rotor Excitation. Fig. 23. 

In Fig. 21 the working energy along the working axis is en¬ 
tirely conveyed to the rotor by induction. The entire rotor 
working e.m.f. in said axis is indticed in the rotor and depends 
on and varies with the voltage at the terminals of W. This 
working e.m.f. is always of approximately the same phase as 
the line e.m.f. These conditions are taken advantage of in 
Fig. 23 to adjust the magnitude of the rotor working e.m.f. 
independently of W, by conductmely injecting an additive or 
subtractive and approximately co-phasal e.m.f. into the working 
axis of the rotor. This auxiliary e.m.f. is derived from the mains 
by means of the transformer T and the reversing switch A. 
When the auxiliary e.m.f. is of the same direction as the induced 
working e.m.f., then the vertical axis of the rotor receives energy 
conductively, as well as inductively. If the direction of the 
auxiliary e.m.f. is reversed, then part of the energy inductively 
conveyed to the vertical axis is conductively wnthdrawn there¬ 
from and conveyed back to the mains. Hence the term induc¬ 
tion-conduction ” applied to this machine. Except for the 
regulation obtained by changing the magnitude or direction 
of the auxiliary e.m.f. conducted into the vertical rotor axis, 
the mode of operation and characteristics of the machine are 
identical with those of the motor shown in Fig. 21. 

Neittralized Two-Phase Series (Conduction) Motor. Fig. 24. 

This is the two-phase equivalent of the single-phase motor 
shown in Fig. 3. It is obtained by combining two single-phase 
Fig. 3 motors in one frame and displacing all the elements of one 
of them by 90 electrical degrees with respect to the corresponding 
elements of the other. A single rotor winding may be used, as 
shown in Fig. 24, if interconnection of- the phases is permissible. 
The field winding Fi of phase 1, does not interfere with the 
proper working of the armature circuit belonging to phase 2, 
because any e.m.f. induced by Fi at the brushes as a^ is equalled 
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and opposed by an e.m.f. induced by Fi in N^. The effect of 
F 2 on the armature circuit of phase 1 , is neutralized in the same 
manner. The fluxes Fi and Fz improve the commutation under 
speed. The available material is of course far better utilized 
in Fig. 24 than in Fig. 3. 

Neutralized Two-Phase Series (Conduction) Motor with Rotor- 
Excitation. Fig. 25. 

This is the two-phase equivalent of the single-phase motor 
shown in Fig. 4. The brushes hi are displaced by such an 
angle a from the axis of Ni, that Ri due to the rotor conductors 
located within 360 - 4 q! degrees, is neutralized by the flux 
due to Ni, while the rotor ampere-turns located within 4 o; 
degrees, produce the motor field Fri which co-operates with the 



or unicotl. 


Pig. 24—Neutralized Two-Phase Series (Conduction) Motor 

rotor ampere-turns responsible for Ri to produce the motor 
torque due to phase 1. Similarly, the brushes ^3 64 are displaced 
by such an angle j 8 from the axis of N 2 , that R 2 due to the rotor 
conductors located within 360 — 4/3 degrees, is neutralized by 
the flux due to N 2 , while the rotor ampere-turns located within 
4 |3 degrees produce the motor field Fr 2 , which cooperates with 
the rotor ampere-turns responsible for R 2 to produce the motor 
torque due to phase 2. The neutralizing windings Ni and iVg 
are displaced by 90 electrical degrees. The two fluxes Fri and 
Fr 2 improve the commutation under speed. 

Motors with Shunt Characteristic 
In a series machine no difficulty is experienced in obtaining 
approximate phase coincidence between motor field and armature 
current, but the conditions for a shunt machine are very different. 
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Here the chief problein is to provide qxl exciting e.m.f. of proper 
phase. 

(Separately-Excited) Singlc-PhcLse Shunt (Conduction) Motoy 
(with Stator-Excitation). Fig. 26. 

Two fluxes, JR. and F, are set up in this machine. If rotor and 
stator windings are connected to e.m.fs. of the same phase, then 
the armature ampere-turns set up by the rotor current and 
responsible for the useless flux R, will, at starting, be about in 
phase with the useful motor flux F set up by the stator field wind¬ 
ing F, for the impedance of both windings is great. The torque 
per ampere will be good. Energy is conveyed to armature and 
field windings conductively. The back e.m.f. is generated in 
the armature conductors by rotation in the motor field. With 



Fig. 25 —Neutralized Two- Fig. 26 —(Separately-Excited) 
Phase Series (Conduction) Mo- Single-Phase Shunt(Conduction) 
TOR with Rotor Excitation Motor (with Stator-Excitation) 


increasing speed the lag in the armature circuit quickly di¬ 
minishes, owing to the effect of the dephased back e.m.f., whereby 
the power factor is improved, but the torque per ampere is 
reduced. The machine is said to have a shunt characteristic, 
because the currents in the armature and in the field circuits 
are quite independent of each other, but the motor speed under 
varying load is not as constant as is generally desired. This is 
due to the phase difference between the working and back e.m.fs., 
which causes the phase relation between working current and. 
motor flux to vary considerably with the load. When thej^^JTer 
factor is low, the torque per ampere is high, and ^ce versa. 
The weight efficiency of such a machine is so low as to make 
it commercially useless except in very small sizes and where 
no importance is attached to constancy of speed. The stator 
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winding N by way of the working brushes ai a^. The armature 
reaction flux R is neutralized by N, leaving nothing but leakage 
fluxes in the vertical axis. The rotor is short circuited along 
the horizontal axis by means of the field brushes fi f% to form 
the exciting or motor field producing circuit. The stator wind¬ 
ing E is connected across the mains and produces, in the vertical 
axis, a flux lagging 90 degrees behind the line or working e.m.f. 
By rotation of the rotor conductors in the flux E, an e.m.f. in 
phase with said flux is generated at the brushes fx fa and pro¬ 
duces, along the horizontal rotor axis, a flux Fr lagging 90 de¬ 
grees behind said e.m.f. and therefore in phase with the line 
e.m.f. and also with the working current, as long as the same 



Fig. 31—Compensated Self- 
Excited Single-Phase Shunt 
(Conduction) Motor (with Ro¬ 
tor-Excitation) 



or unicoil. 


Pig. 32—Self-Excited Single- 
Phase Shunt (Conduction) Mo¬ 
tor with Rotor and Stator- 
Excitation 


is in phase with the working e.m.f. The flux E does not react 
on the working circuit because any e.m.f. it induces in the 
vertical rotor axis is equalled and opposed by the e.m.f. it in¬ 
duces in N. This machine wdll not start from rest, but is self- 
compensating, operates well at a constant speed and its speed 
is readily adjustable. 

Compensated Self-Excited Single-Phase Shunt (Conduction) 
Motor (with Rotor-Excitation). Fig. 31. 

This differs from the previous motor only in that an e.m.f. 
differing in phase from the one directly responsible for the 
motor field and generated in the rotor by rotation, is introduced 
into the rotor exciting circuits for the purpose of adjusting the 
power factor of the machine by adjusting the phase of the re- 
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sultant e.m.f. in the rotor exciting circuit. The compensating 
e.m.f. is in this case derived from the mains and is therefore 
in phase quadrature with the rotor exciting e.m.f. 


Self-Excited Single-Phase Shunt (Conduction) Motor with Rotor 
and Stator-Excitation. Fig. 32. 

This differs from the motor shown in Fig. 30 in that the rotor 


exciting brushes are not short-circuited but closed over a coaxial 
winding F located on the stator. The exciting e.m.f. generated 
in the rotor by rotation in the auxiliary or teaser flux E, sends 
a magnetizing current through F, as well as through the rotor 
along the horizontal axis, with the result that the motor field 


is produced in part by rotor, 



Pig. 33 —(Separately-Ex- 
cited) Single-Phase Shunt 
Induction Motor (with Stator- 
Excitation) 


and in part by stator, ampere- 
turns. Changing the number 
of active stator exciting turns, 
or the direction in which they 
magnetize with respect to the 
direction of the magnetization 
produced by the horizontal rotor 
ampere-turns, changes the mag¬ 
nitude of the motor field inde¬ 
pendently of the working e.m.f., 
and therefore influences the 
speed of the motor. In all other 
respects the mode of operation 
and the characteristics are the 
same as those of Fig. 30. 


(Separately-Excited) Single-phase Shunt Induction Motor (with 
Stator-Excitation). Fig. 33. 

Working energy is inductively conveyed to the rotor from 
phase 1 along the vertical axis by means of a flux of mutual 
induction (transformer flux) due to a magnetizing current flow¬ 
ing through W. The ampere-turns due to the working current 
thus induced in the short circuited secondary (rotor) are equalled 
and opposed by corresponding ampere-turns in the primary W, 
set up by a primary working current derived from the mains. 
The rotor ampere-turns produce the armature reaction flux R, 
which is neutralized by the flux due to the primary working 
ampere-turns. The leakage flux along the vertical rotor axis 
is not neutralized, and the armature circuit is therefore not 
free from impedance. Exciting energy is conductively conveyed 
to the stator field winding F from phase 2, producing a motor 
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field which is nearly in phase with the rotor or armature current 
and which cooperates therewith to produce the motor torque. 
In this as in all cases where a motor with one armature and one 
field axis per pole pair is fed from a two-phase supply, the load 
on the two phases is quite unequal, the one supplying the ex¬ 
citation being called upon to deliver only a small fraction of 
the energy required of the other. The machine has no self- 
compensating properties, and its speed is not constant under 
varying loads, mainly because of the rotor impedance due to 
the leakage field in the vertical rotor axis. 

The power factor can be improved by suitably adjusting the 
phase of the motor field, but speed constancy is not secured 
thereby. 

Self-excited Single-phase Shunt Induction 
Commutator Motor (with Rotor-Exci¬ 
tation). Fig. 34. 

Working energy is conveyed into the 
rotor along the vertical axis by trans¬ 
former action from 5. The induced verti¬ 
cal rotor ampere-turns do duty as armature 

ampere-turns, and produce the armature 34 _ Self-Excited 

reaction flux R, which is neutralized by Single-Phase Shunt 
transformer action from S. The rotor Induction Commutator 
leakage flux in the vertical axis is not Motor (with Rotor 
neutralized. The working e.m.f. induced at Excitation) 
the working brushes ai a 2 by the transformer flux, is of about the 
same phase as the line e.m.f. impressed on the stator winding S. 
The transformer flux lags 90 degrees behind the line e.m.f. 
The exciting e.m.f. is generated in the rotor by rotation of the 
rotor conductors in the transformer flux, and appears at the 
exciting brushes fi f^. This speed e.m.f. is of same phase as^ 
the said flux, and therefore in phase quadrature with the line 
and with the rotor working e.m.fs. The motor flux Fr in the 
horizontal axis, is due to this exciting e.m.f., is in quadrature 
thereto, and therefore approximately in phase with the rotor 
ampere-turns in the vertical axis with which it cooperates to 
pjoduce the motor torque. The back e.m.f. is generated in 
the vertical rotor axis by rotation in Fr. This machine is self- 
compensating, for another speed e.m.f. is produced at the ex¬ 
citing brushes by rotation of the rotor conductors in the vertical 
rotor leakage flux. This second speed e.m.f. so alters the phase 
of the res'ultant e.m.f. in the horizontal rotor axis, and there- 
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fore the phase of the horizontal flux, as to materially improve 
the power factor of the machine. This self-compensating feature 
cannot raise the power factor of this motor to anything like 
unity, but is sufficient to render an otherwise useless machine 
operative. The stator should not have any defined polar pro¬ 
jections, and the winding 5“ should be of the distributed type. 
This machine will not start from rest, but will run up to speed 
in any direction in which it is started. Its normal speed is the 
synchronous. 

Compensated Self-Excited Single-Phase Shunt Induction Com¬ 
mutator Motor (with Rotor-Excitation). Fig. 35. 

The mode of operation and characteristics of this motor are 
identical with those of the machine showing in Pig. 34, but 
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Fig. 36—Compens.\ted Self- 
Excited Single-Phase Shunt 
Induction Commutator Motor 
(with Rotor-Excitation) 


Pig. 36—Self-Excited Single- 
Phase Shunt Induction Com¬ 
mutator) Motor with Rotor 
and Stator-Excitation 


auxiliary means are here added whereby the power factor of 
the machine can be adjusted at will. To this end an adjustable 
e.m.f., preferably in phase quadrature with the exciting speed 
e.m.f. generated in the rotor, is conductively introduced into 
the rotor exciting circuit. In this case this e.m.f. is derived from 
the mains by way of the transformer T. The normal speed of 
this machine is the synchronous; it is very constant under vary¬ 
ing load. The power factor is under perfect control. 

Self-Excited Single-Phase Shunt Indtiction (Commutator) Motor 
with Rotor and' Stator-Excitation. Fig. 36. 

This differs from the motor shown in Fig. 34 in that the ex¬ 
citing brushes are not .short-circuited but connected through 
a winding F located on the stator and in the horizontal or exci¬ 
ting axis. The exciting e.m.f, generated in the rotor by rotation 
in the vertical transformer flux sends a magnetizing current 
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through F, as well as through the rotor along its horizontal 
axis, with the result that the motor field is produced in part 
by the rotor, and in part by the stator ampere-turns. Chang¬ 
ing the number of active stator exciting turns, or the directions 
in which they magnetize with respect to the direction of the 
magnetization produced by the horizontal rotor ampere-turns, 
changes the magnitude of the motor field independently of the 
working e.m.f., and therefore changes the speed of the motor. 
This machine can run at speeds other than the synchronous, but 
in all other respects the mode of operation and the characteristics 
are the same as those of Fig. 34. 



Fig. 37—Self-Excited Single- 
Phase Shunt Induction-Con¬ 
duction (Commutator) Motor 
(with Rotor-Excitation) 



Fig. 38—Single-Phase Shunt 
Induction (Commutator) Mo¬ 
tor with Mixed (Rotor) Ex¬ 
citation 


Self-Excited Single-Phase Shunt Induction-Conduction (Com¬ 
mutator) Motor (with Rotor-Excitation). Fig. 37. 

In Fig. 34, the magnitude of the rotor working e.m.f. in the 
vertical axis and that of the rotor exciting e.m.f. in the horizontal 
axis, both depend on the magnitude of the vertical transformer 
flux. It follows that the magnitude of the working e.m.f. can¬ 
not be altered independently of the exciting e.m.f., by changing 
the magnitude of the transformer flux. In fact, any such 
change results in a proportional change in both e.m.fs. But 
an independent regulation of these two e.m.fs. is necessary if 
the speed of the machine is to be altered; the arrangement 
shown in Fig. 37 illustrates one way of achieving this result. 

An e.m.f. of about the same phase as that of the line e.m.f. 
is conductively introduced into the working circuit of the rotor 
by means of the transformer T aiid the working brushes ai ai. 
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The working e.m.f. induced in this circuit from 5 being also of 
about the same phase as that of the line e.m.f., the two will 
yield a resultant which will be of about the same phase as the 
induced working e.m.f., and either greater or smaller than it 
according to the direction of the conductively introduced com¬ 
ponent. This resultant will, of course, be the effective rotor 
working e.m.f. An adjustment of the magnitude of this re¬ 
sultant results in a change of the motor speed. This machine 
can run at constant speeds differing from the synchronous, but 
its mode of operation and characteristics are otherwise the same 
as those of the motor shown in Fig. 34. 

Single-Phase Shunt Induction (Commutator) Motor with Mixed 
(Rotor) Excitation. Fig. 38. 

This differs from the motor shown in Fig. 34 in that an e.m.f. 
in phase quadrature to that impressed on S is conductively 

introduced into the rotor exciting circuit. 
This auxiliary e.m.f. is of about the same 
phase as that generated in the horizontal 
rotor axis by rotation in the vertical trans¬ 
former flux. The resultant of the generated 
and the auxiliary e.m.f. must be the effective 
exciting e.m.f., the magnitude of which can 
therefore be changed independently of the 
rotor working e.m.f., thus securing speed 
regulation. This machine will start from 
rest and can be run at constant speeds 
differing from the synchronous; in all other 
respects it is the same as that shown in Fig. 34. 

Self-Excited Single-Phase Shunt Induction Motor (with Rotor- 
Excitation). Fig, 39. 

The mode of operation and characteristics of this machine 
are identical with those of the motor shown in Fig. 34. The 
stator winding S produces a vertical transformer flux which 
conveys the working energy into the rotor and is also responsible 
for the rotor exciting e.m.f., which is generated in the horizontal 
axis by rotation of the rotor conductors in this transformer 
field. The rotor working ampere-turns responsible for the arm¬ 
ature reaction flux are neutralized by transformer action from S] 
their space distribution is shown by the dots and circles located 
inside the rotor circle in Fig. 34 and remains unaltered inde¬ 
pendently of the revolution of the rotor. The space distribution 



Fig. 39 — Self-Ex¬ 
cited Single-Phase 
Shunt Induction 
Motor (with Rotor- 
Excitation) 
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of tlie rotor exciting ampere-turns responsible for the motor 
torque producing field Fr, is as shown by the dots and circles 
located outside the rotor circle in Fig. 34 and also remains un¬ 
altered as long as the rotor revolves. The speed e.m.f. due to 
rotation of the rotor conductors in the vertical rotor leakage 
flux, acts to improve the power factor. The squirrel cage con¬ 
struction provides paths over which currents may close through 
any two rotor conductors, with the result that neither the in¬ 
tensity of the working nor that of the exciting current is the 
same in all the conductors. The machine will not start from 
rest, but if given a sufficient impulse in either direction will 
run up to its normal speed, which is very near the synchronous. 
Its working speed is practically constant under varying loads. 





Pig. 40—Compens.4.ted Self- Fig. 41—Two-Phase Shunt- 

Excited Single-Phase Shunt Induction Commutator Mo- 
Induction Motor (with Rotor- tor (with Stator-Excitation) 
Excitation) 

The stator should not have any defined polar projections, and 
the stator winding should be distributed. 

Compensated Self-Excited Single-Phase Shunt Induction Motor 
(with Rotor-Exeitation). Fig. 40. 

This differs from the previous motor in that the rotor carries 
a squirrel cage, a commuted winding and cooperating brushes 
located in the horizontal axis. An exciting speed e.m.f. is 
generated along the horizontal axis of both windings so that 
both will contribute equally to the production of Fr if the 
brushes /i f^ are short circuited. If the e.m.f. per conductor 
of one of these windings is artificially raised, this winding will 
contribute more than one half of the total motor field ampere- 
turns, and if the increase has been of sufficient magnitude, it 
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may even contribute all of the motor field ampere-turns, in 
which case there will be no current in the horizontal axis of the 
other winding. A further increase will cause a reverse current 
to flow in the other winding, for the tendency is to keep Fr 
constant. In Fig. 40 an auxiliary e.m.f. derived from the 
mains with the help of the transformer T is conductively intro¬ 
duced into the circuit of the commuted winding; its magnitude 
and phase are such that the burden of the motor field produc¬ 
tion is shifted to the commuted winding, and the phase of the 
motor field it produces, is adjusted to improve the power factor 
of the motor. 

Two-Phase Shunt-Induction Commutator Motor (with Stator- 
Excitation). Fig. 41. 

This machine really consists of two static transformers with 
primaries disposed on the stator and displaced by 90 electrical 
degrees from each other, and a common secondary rendered 
inductively responsive along the axis of each primary by means 
of pairs of short-circuited brushes. Each stator winding is 
connected to one phase of the supply, inductively conveys 
working energy into the rotor along its own axis by means of 
a transformer flux, and neutralizes, by transformer action, the 
armature ampere-turns it induces in its own axis. The trans¬ 
former flux in one axis cooperates with the rotor ampere-turns 
in the other axis to produce one half of the motor torque; the 
other half being due to the interaction of the transformer flux 
in the second axis with the rotor ampere-turns in the first. 
Each transformer flux therefore also does duty as a motor field. 
Under speed, a back e.m.f. is generated in each rotor axis by 
rotation in the transformer flux at right angles to it. While 
the armature reaction fluxes Ri are neutralized, yet the 
coaxial rotor leakage fluxes are not. By rotation of the rotor 
conductors in the vertical rotor leakage flux, a compensating 
e.m.f. is generated in the horizontal rotor axis, appears at the 
brushes a^ a^, and is of such a phase as to reduce the impedance 
of the horizontal axis. The impedance of the vertical rotor 
axis is similarly reduced by an e.m.f. appearing at the brushes 
a I ai and generated by rotation of the rotor conductors in the 
horizontal rotor leakage flux. The machine clearly has self- 
compensating properties, but the e.m.fs. in question cannot 
reach a value sufficient to raise the power factor to unity. The 
normal speed of the machine is very near the synchronous. 
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Compensated Two-Phase Shunt Induction Commutator Motor 
(with Stator-Excitation). Fig. 42. 

This^ motor differs from the foregoing in that an auxiliary 
e.m.f. in quadrature with the induced working e.m.f. is con- 
ductively introduced into each of the rotor working or armature 
circuits by means of the transformers Ti and T^. The direction 
of each auxiliary e.m.f. is chosen to reduce the impedance of the 
rotor axis to which it is applied. The power factor of the ma¬ 
chine can be adjusted by adjusting these compensating e.m.fs. 



|-Ph.2.-*j 

Fig. 42— Compensated Two-Phase Shunt Induction 
Commutator Motor (with Stator-Excitation) 

Two-Phase Shunt Induction-Conduction (Commutator) Motor 
(with Stator-Excitation). Fig. 43. 

This differs from the foregoing motor in that an auxiliary 
e.m.f. in phase with the induced working e.m.f. is conductively 
introduced into each of the rotor working circuits by means of 
the tiansfoimers Ti and T 2 . By this means the effective w^rk- 
ing e.m.f. in each rotor axis can be adjusted independently of 
the transformer fluxes and the speed of the machine made to 
differ from the synchronous. These speed-regulating e.m.fs. 
should, of course, either assist the induced working e.m.fs. in 
both axes or oppose them in both. 

Two-Phase Shunt Induction Motor (wdth Stator-Excitation) 
Pig. 44. 

This machine is the squirrel cage equivalent of the commu¬ 
tator motor shown in Fig. 41, and stands in the same rela¬ 
tion to it as does Fig. 39 to Fig. 34. 
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Compensated Two-Phase Shunt Induction Motor (with Stator- 
Excitation). Fig. 45. 

This is .a combination of the compensated commutator motor 
of Fig. 42 with the squirrel cage motor of Fig. 44. The trans¬ 
former in each axis has’ two secondaries with differing impe¬ 
dances, that of the squirrel cage is adjusted automatically and 
is beyond the control of the. operator, that of the commuted 
winding is under control. The current, in the first can never 
lead the working e.m.f. impressed on it. The current in the 
second can be made to lead the working e.m.f. impressed on the 
commuted winding. The secondary with the lower impedance, 



UPh.3^ 


PxG. 43 —Two-Phase Shunt Induction- Fig. 44 — Two - Phase 
Conduction (Commutator) Motor (with Shunt Induction Motor 
Stator-Excitation) (with Stator-Excitation) 

i.e., with the commuted winding, will carry the greater number 
of ampere-turns. Unity or leading power factor can only be 
obtained by causing the current in each axis of the commuted 
winding to lead the induced working e.m.f. in that axis. The 
stator windings in all these machines should be distributed, and 
the stator should have no defined polar projections. 

Neutralized Two-Phase Shunt Conduction (Commutator) Motor 
(with Stator-Excitation). Fig. 46. 

Working energy is conductively conveyed to the rotor from 
phase 1 along one axis, and from phase 2 along an axis displaced 
by 90 electrical degrees from the first. The rotor ampere- 
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turns, or the reaction fluxes Ri thus set up in each axis, are 
conductively neutralized by means of the stator windings N\ 
and Ni. The motor field winding Fx located coaxially with the 
rotor circuit connnected to phase 1, is fed from phase 1. The 
motor field winding Fi displaced by 90 electrical degrees from 
is fed from phase 2. The motor flux set up by the field wind¬ 
ing connected across one phase cooperates to produce one 
half the motor torque with the rotor ampere-turns produced 
by the other phase, and vice versa. Rotation of the rotor con¬ 
ductors in the rotor leakage flux in one axis generates in the 
other a speed e.m.f. which reduces the impedance of the work¬ 
ing circuit of this other axis, and vice versa. Since working and 



Pig. 45—Compensated Two-Phase Shunt Induction 
Motor (with Stator-Excitation) 


exciting currents are independent of each other, the machine 
must have a shunt characteristic. This motor is not self-com- 
compensating. Armature and field circuits being quite inde¬ 
pendent, the speed of this machine can be set to any desired 
value. No defined polar projections should be used, and the 
neutralizing windings should be distributed so as to follow 
the. distribution of the ampere-turns in the corresponding rotor 
axis. 

Neutralized and Compensated Two-Phase Shunt Conduction 
(Commutator) Motor (with Stator-Excitation). Fig. 47, 
This motor differs from the foregoing one in that two e.m.fs. 
are impressed on each of the field windings Fx and 7^2. To 
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the motor flux producing e.m.f. impressed on Fi and derived 
from phase 1, is added a compensating e.m.f. derived from 
phase 2 by means of the transformer T 2 and adjusted to improve 



Fig. 46—Neutralized Two-Phase Shunt Conduction 
(Commutator) Motor (with Stator Excitation) 

the pow^’er factor in the rotor circuit fed from phase 2. To the 
motor flux producing e.m.f. impressed on Fz and derived from 
phase 2, is added a compensating e.m.f. derived from phase 1 


U —Ph. 2.^—J 



Fig. 47—Neutr.alized and Compensated Two-Phase Shunt 
Conduction (Commutator) Motor (with Stator-Excitation) 

by way of the transformer Ti and adjusted to improve the 
power factor in the rotor circuit fed from phase 1. In all other 
respects this machine is identical with that shown in Fig. 46. 
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REMARKS 

It is believed that all the principal forms of alternating- 
current motors have been classified; if any have been omitted, 
it is due to inadvertence. The term “ repulsion motor” has 
not been applied to any one of the machines dealt with. The 
reason is that the author does not know the definition of this 
term as applied to motors, and is quite sure that the machine 
to which it was first applied, in 1887, does not operate by virtue 
of any “ repulsion” effect or phenomenon as understood from 
the year 1820 to the present day. This matter was discussed 
at some length in a series of articles which appeared in The 
Electrican (London) in 1906, and which have since been re¬ 
printed in book form.* Intervening years having only served 
to confirm the conclusions then arrived at, some of the state¬ 
ments then made, are now repeated. 

The term ‘‘ repulsion motor” is first found in Elihu Thomson’s 



Fig. 48 Fig. 49 


U. S. Patent No. 363,185 of 1887. The form of Thomson’s 
motor as described and illustrated in that specification, is 
shown in Fig. 48. Within the stationary coil S is mounted a 
pivoted coil F, the two ends of which are each connected to a 
segment of a commutator. These segments are diametrically 
disposed, and are insulated from each other; brushes h h short- 
circuited b 3 ^ the short conductor r, bear on these segments. 
Each segment extends for this two-pole motor over a little less 
than one quarter of the periphery. When the two coils are 
concentrie, i.e., when the axes y and 5 coincide, and S is con¬ 
nected to an alternating-current supply, there is no torque 
even if F is short circuited, and although a heavy current will 
under such conditions be induced in that coil. When F is at 
right angles to S, i.e., when the axes y and ^ are perpendicular 

*Tlie Classification of A-C. Motors, by V. A. Fynn. “ The Elec¬ 
trician” Printing & Publishing Co., Ltd., London. 
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to each other, there is no torque and no current in 7 even if 
short-circuited. In the intermediate positions, i.e., for any 
values of a between 0 and 90 degrees, a torque will be exerted 
in the direction shown by the arrow. 

Among the experiments described in the specification referred 
to as having led up to the motor shown in Fig. 48, is that illus¬ 
trated in Fig. 49, where a coil S, connected to an alternating 
supply and having an iron core, is said to exert a “ repelling” 
effect on a closed coil C disposed in a plane parallel to 
the convolutions of the coil S and shown in section in 
Fig. 49. This statement is, of course, perfectly correct, 
and it is evident that it is the effect to which it refers 
that led the inventor to apply the term repulsion motor” 
to the machine shown in Fig. 48. But the special conditions 
under which coil C in Fig. 49 is repelled by coil F do not obtain 
in the motor shown in Fig. 48. In Fig. 49 the “ repelling” 
effect exerted on coil C is of the same direction and magnitude 
all along the circumference of the coil, as indicated by the small 
arrows 1 and 2, with the result that coil C will move away from 
coil 6" while keeping parallel to it. If coil C were pivoted on an 
axis O passing through its center, and parallel to the convolu¬ 
tions of S, there would be absolutely no tendency for that coil 
to rotate, but the “ repulsion” effect would tend to bend the 
shaft and the coil. When in Fig. 48 the convolutions of coil 
F are parallel to those of S, that is, when the axes y and ^ coin¬ 
cide—reproducing in this figure as nearly as they can be re¬ 
produced, the conditions obtaining in figure 49—then there is 
and can be no rotation between coils 7 and S, but there is “ re¬ 
pulsion” between the two, owing to which, coil F tends to expand 
while coil 7 tends to contract. The only “ repulsion” effect 
present in the machine shown in Fig. 48, contributes nothing 
to the rotation of the free member and merely tends to destroy 
the apparatus. 

As a matter of fact the effect illustrated in Fig. 49 is nothing 
else but that discovered in 1820 by Ampere, and which he sum¬ 
med up somewhat as follows; parallel circuits “attract” each 
other if traversed by currents flowing in the same direction, 
and “ repel” each other if traversed by currents flowing in 
opposite directions. This rule applies to a special case of that 
electrodynamic action which is illustrated in Fig. 50 and which 
forms the basis of every dynamo or motor whether of the con- 
■ tinuous or of the alternating type. A conductor. A, through 
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which a current flows, for instance, upwards through the paper, 
as indicated by dot, when immersed in a field F directed from 
top to bottom of the paper, will tend to move to the right. 
Ampere’s rule is illustrated in Figs. 51 and 52, which show re-, 
spectively the “ attraction” and the “ repulsion” of parallel 
circuits. The rule illustrated in Fig. 50, when applied to Figs. 
51 and 52, explains this behavior, it being only necessary to 
remember that if in Fig. 50 the direction of the current through 
A or the direction of the field F is changed, then the direction 
of the torque exerted on A will be reversed. Taking Fig. 52 
we have the current in conductor A producing a field of the 
direction indicated by the full concentric lines, these lines cut 
conductor B, and according to Fig. 50 this conductor B will 
move to the right; similarly the field produced by B (dotted 
lines) acting on A will cause the latter to move to the left, hence 
the “ repulsion.” Ampere very correctly restricted his rule to 


F 

_ " N 

A ® o -—*■ 

S 

Fig. 50 

parallel circuits, and the author can see no reason for altering 
this now, by describing as “ repulsion” the effect responsible 
for the operation of a particular type of single-phase motor in 
wdiich there are no interacting parallel circuits. 

Of course Ampere’s rule holds good for alternating currents 
as well as for continuous currents; in the former case, however, 
the magnitude of the " repulsion” or “ attraction” also depends 
on the relative phase of the currents in the two conductors, 
just as the torque exerted on A in the more general case of 
Fig. 50 also depends on the relative phase relation between the 
field F and the current in A. One true example of the applica¬ 
tion of Ampere’s “ repulsion” effect in alternating-current prac¬ 
tise is to be found in the constant-current transformer with 
movable secondary coil, one form of which is shown in Fig. 49. 
In this figure, one component of the current in coil S goes to 
excite the field M which conveys the secondary current into 
coil Y by induction; the other component is equal and opposed 
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to that secondary current. The secondary current in Y and 
the component in S neutralizing the effect of that secondary 
current, are of opposite phase, which is equivalent to the same 
phase but opposite direction, and are responsible for the major 

part of the “ repulsion” effect. 

The operation of the motor in Fig. 48, like that of any other 
electrodynamic motor, is due to the electrodynamic action 



Pig. 54 


illustrated in Fig. 50, but not to the special case of same dis¬ 
covered and characterized by Ampere. 

Returning to the consideration of Thomson's original motor, 
shown in Fig. 48, it is clear that its operation will not be altered 
in principle, if the brushes are displaced in the manner shown 
in Fig. 53; the direction of rotation will, however, be reversed. 
The principle of operation will also remain the same if the coils 



S and Y are embedded in laminations, as shown in Fig. 54. 
Nor will the principle be changed if the single coil 7 is replaced 
by a continuous commuted winding such as shown in Fig. 55, 
individual coils of which are short-circuited by means of the 
independent brushes hr b,. Fig. 55 shows what may be des¬ 
cribed as the modern form of rotor for the original Elihu Thomson 
motor. Figure 56 only differs from Fig. 55 in that the two brushes 
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hi 62 are also interconnected outside of the rotor winding. The 
brushes of this machine, which is described in U. S. Patent No. 
389,352 of 1888, short-circuit individual coils of the commuted 
winding on the rotor in exactly the manner shown in the Thom¬ 
son motor of Fig. 55, but the machine nevertheless revolves in 
the opposite direction, for the reason that a greater and opposite 
torque is produced by the rest of the commuted winding which 
is short circuited by the external interconnection between the 
brushes hi h%. The turns short-circuited by this external inter¬ 
connection are equivalent to a single coil on the rotor with the 
axis y' displaced by the angle a' from the axis .y of the stator 
winding S. The motor shown in Fig. 56 may in fact be said 
to operate in spite of the arrangement originally relied upon 
by Thomson. 
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THE CLASSIFICATION OF ELECTROMAGNETIC 

MACHINERY 


BY F. GREEDY 


Abstract of Paper 

The author proposes to classify all dynamo-electric machineiy 
according to five sets of characteristics, as follows: 

1. Type of field, as constant intensity, variable intensity, 

multiple polarity and homopolar. 

2. Method of disposal of secondary power, which may be zero, 

wattless, utilized in separate apparatus or transformed and re¬ 
turned to the line. . 

3. Use of commutators, which may be on either the primary 

or the secondary, or may be absent. . . , , 

4. Method of magnetization, namely, high-frequency magne¬ 
tization as in the ordinary induction motor and low-frequency 
magnetization as in synchronous and compensated motors. 

5. Method of connection. Many types may be connected 

either in series or shunt. A tabulation of these characteristics 
is given, by reference to which any dynamo-electric machine can 
be classified.__ 

T he following paper is an attempt to arrive at a nat¬ 
ural classification of the electromagnetic machine. One 
of the principal uses of such a classification is to bring out the 
common points of different types which are usually regarded as 
totally distinct even though they are almost identical from the 
constructional standpoint, and to reduce their differences to 
proper relative proportions. The disadvantage of a paper on 
classification like the present is, of course, that one is reduced to a 
somewhat bare catalogue of possible types and their characteris¬ 
tics, whereas the real interest of the subject lies in the detailed 
description of the more important ones. We may pieface our 
discussion by a few general remarks. 

1 . No discussion will be attempted of homopolar machines, 
which form a class entirely apart from all others. 

2. While almost all the machines described may be used as 
generator or motor, they will in practise be used only as motors, 
since the requirements of a generator are so uniform that there 
is no scope for a large variety of types, while the infinite 
variety of industrial work gives rise to a corresponding^ variety 
of types of motor. In generators the tendency is to uniformity 
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and in motors to variety, and hence our subject might almost as 
well be called “ The Classification of Electric Motors.” 

3. For a similar reason, viz., the powerful tendency towards 
standardization, and the necessity for one system of distribution 
catering to a vast variety of applications, together with the 
urgent necessity of economy due to the great length of transmis¬ 
sion lines, we may dismiss from our minds the likelihood of new 
and more complicated systems of transmission arising, although 
several such are imaginable, and confine our attention to machines 
operating from standard direct-current, single or polyphase 
systems. 

4. Of the two distinct constructional forms in use, viz., 
the type having uniformly slotted stator and rotor and a con¬ 
stant air gap all round, and the salient pole type, we shall consider 
the former as universal and ordinary, and the latter as a special 
case applicable to certain types only. 

5. In all the discussions below, unless a statement to the con¬ 
trary is made, we shall treat our machines as “ ideal”, i. e. 
entirely devoid of all losses and leakages. 

6 . Theories come and go, while the machines we wish to 
classify remain the same. Our methods of classifications should 
be of a fundamental nature and should not owe their validity to 
the acceptance of a particular theory, nor should they be unin¬ 
telligible to those who have not gone through a particular course 
of study. They should be based either on constructional fea¬ 
tures, where these can be proved to have a general significance 
and not to be accidental, or on mechanical considerations in con¬ 
nection with torque, power and energy. These considerations 
apply to nomenclature also, and should render iis very conserva¬ 
tive in inventing new names for old apparatus. 

A well understood name, even though based on an obsolete 
theory is usually better than a new name based on a theory which 
may become obsolete in its turn. 

Having cleared the ground by the above considerations we may 
proceed to our main subject. 

We shall regard the induction machine or “ general alternat¬ 
ing-current transformer,” as Steinmetz calls it, as fundamental, 
and shall proceed to derive all other types from it. 

Our general dynamo electric machine, then, consists of two 
concentric magnetic elements, separated by an air gap, and capa¬ 
ble of relative rotation. Each of these elements bears a number 
of conductors disposed next the air-gap in slots parallel to the 
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shaft. The conductors of one or both elements are interconnected 
in such a way as to give rise to a definite number of poles, 
conductors being led off from the stationary element direct to the 
line, save in a few cases where it is short-circuited. The rotor 
may be of three distinct types (a) short-circuited, (b) fitted with 
collector rings, (c) fitted with commutator. Every type of 
dynamo-electric machine whatsoever, with the exception men¬ 
tioned above, may be built in a form covered b}^ the above de¬ 
scription and the differences betw''een different types consist 
merely of differences in the method of connection to the line and 
of connection between rotor and stator. 

We have next to classify these types of connection and show 
why they are required. In order to do this we must first con¬ 
sider our electric system as a machine. From the mechanical 
point of view then, the generator is a gearing which transmits 
the motion of the prime mover to the polyphase line, changing 
the power given out by the prime mover from the mechanical 
fonn to that of a rotary system of electrical stresses revolving 
at a definite speed, say of 25 or 60 cycles (or revolutions) per 
second. The polyphase line we may compare to a mechanical 
line shaft transmitting the power to a distance and the motor 
to another gearing, retransforming the power into a mechanical 
torque operating at a certain speed. 

What will this speed be? To deteimine this, consider the 
following relation which it is well known exists between the 
speed and primary and secondary frequencies of the induction 
machine. Speed (rev. per sec.) X no. of pole pairs = difference 
between primary and secondary frequencies (cycles per sec.), 
or mechanical speed of rotor equals speed of wave relative to 
stator, minus speed of wave relative to rotor, 

or 5 = W (/i -/a) ( 1 ) 

where W is twice the polar pitch. 

These equations show that we cannot tell the mechanical speed of 
the rotor unless we know the rotor as w’-ell as the stator fre¬ 
quency. Multiplying both sides of this equation by the torque 
we get T multiplied by mechanical speed equals T multiplied 
by speed of wave relative to stator minus T multiplied by speed 
of wave relative to rotor; or, mechanical output equals primary 
electrical input minus secondary electrical output. (2) 

This equation shows that besides the mechanical power and 
the electrical input into the primary, there is a certain amount of 
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power generated in the secondary proportional to the secondary 
frequency. The above simple considerations bring us to our 
first principle of classification. It has been emphasized above 
that the motor is a device for changing electrical power incoming 
from the line into mechanical power, and hence the existence of 
this secondary power raises a serious problem—what to do with it. 
We shall classify our machines first according to means adopted 
for disposing of the secondary power. ,A substantially identical 
principle for adjustable-speed motors may be deduced from the 
equation ( 1 ) above. 

This equation shows that the speed can only vary 

1. If the primary frequency varies, 

2. If the secondary frequency varies, 

3. If the number of poles varies, 

and we may classify adjustable speed motors according to which 
of these means is adopted to vary the speed. Before proceeding 
further we shall develop a mechanical analogy between our in¬ 
duction machines and certain types of epicyclic 
or differential gears which is capable of being car¬ 
ried into considerable detail, and throws a great 
deal of light on the real nature of many arrange¬ 
ments of' machines. This, analogy enables us to 
abstract entirely from the electrical features of the 
problem -and consider power and torque alone. 

We shall show also, that if we compare the relative 
speed of the two elements of our machine to the speed in revolu¬ 
tions per second of one shaft of a differential gear, and the 
frequencies in the two members to the speed of the other two 
shafts, the above relation between speed and frequencies cor¬ 
responds to that between the speeds of the three independent 
shafts of the differential gear. Such a gear is shown in Fig. 1. 

If the shafts A, B and C go at speeds of A rev. per sec., B rev. 
per sec., and C rev. per sec. respectively, it is well known that 
C will be the mean of A and B,or C — ^ (A + B). 

If therefore, we gear another shaft C to the shaft C' so that 
the speed of C is twice that of C', or C' = |C, we shall have 

C = A + B 
B = C - A 
A = C - B 

Or, in order to introduce a constant, corresponding to the 
“ number of pole pairs ” in the electric machine, we may sup- 


C' 
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pose B OT A geared to another shaft by gearing of any desired 
velocity ratio. 

The point of particular interest to us about this gear is the 
fact that the equation regulating the speeds contains three 
potentially independent variables, so that it is necessary to 
know two of them before we -can determine the third. For 
instance, if we know ^ we cannot find B unless we also know C. 
In the electric case, if we know the primary frequency of an in¬ 
duction motor, for instance, we cannot tell the speed, until we 
know the secondary frequency also. It will be useful to develop 
the analogy between a differential gear and an induction motor 
somewhat further. Let us put: 

Primary frequency = A — speed of driver shaft of differential. 

Mechanical speed = B = speed of driven shaft of differential. 

Secondary frequency = C = speed of intermediate shaft of 
differential. 

We then have: B = C — A in both cases, if we suppose our 
induction motor has two poles. 

So long as C, the intermediate speed or secondary frequency, 
remains unsettled, we cannot tell what B will be. 

We may take a number of suppositions relating to these which 
are tabulated below: 


Electric Case 

Secondary open-circuited. 

Machine can deliver no torque, 
but can run at any speed without 
opposition, if driven. 

Secondary short-circtiited through 
zero resistance. 

Machine can run at same speed 
as A and deliver same amount of 
power as flows into primary. 

Secondary, neither open nor short- 
cuited but closed through a fixed re¬ 
sistance R there being no secondary 
leakage. 


Mechanical Case. 

Shaft C free. 

B can deliver no torque, but 
can run at any speed without 
opposition if driven. 

C. Fixed. 

B runs at the same speed as ^1, 
and delivers same amount of 
power taken in at A. 

C. neither fixed nor free but its 
power output consumed by a brake 
giving a torque proportional to the 
speed at which it is driven and con¬ 
suming power therefore proportional 
to the square of the speed. 


Torque is proportional to the 
secondary current, which is equal 
to the secondary e.m.f., divided 
by the resistance. 

Secondary e.m.f. and, therefore 
current is proportional to second- 


The torque of each of the three 
shafts naust be equal, for multiply 
the equation B = C — A .by the 
torque Tq required by the load, 
and we get; Tq B = Tq C — Tq A. 

This equation can only be con- 
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Electric Case 

ary frequency, or say Tq = K C 
as in the Mechanical case. 

T 

Thus we get B — — — A, 

K 

exactly the same torque speed 
characteristic as in the mechanical 
case. 


A'Jechanical Case 
sistent with the conservation of 
energy, if Tq is also the torque of 
the other two shafts. 

In this case: 

To B — Output of di'iven shaft. 

To C = Output of intermediate 
shaft. 

To A ~ Input of driver and 
the equation becomes true. 

If we now put: 

Torque of intermediate —To = 
K C in accordance with the above 
assumption, we clearly determine 
the speeds of all three shafts, for 
we now have 



This is the torque speed char¬ 
acteristic of our gear. 


According to this analogy, therefore, we may compare any elec¬ 
tric machine having a simple harmonic wave of flux to a dif¬ 
ferential gear, the primary input corresponding to the input of 
the driver shaft, the mechanical output corresponding to the 
output of the driven shaft, and the secondary output corres¬ 
ponding to the output of the intermediate shaft. 

Hence a set consisting of motor and generator may be compared 
to two such differential gears coupled together. 

Now it is well known that no combination of gearing, however 
arranged can give us a smooth and gradual speed change, the 
uttermost possible being a number of steps. Yet certain elec¬ 
tric machines do give this gradual speed change, since they 
embody a device which we have not yet discussed, viz: a com¬ 
mutator. The commutator may be regarded as the only practi¬ 
cal gradually adjustable gear in existence. 

Consider a commutator fitted with a polyphase arrangement 
of brushes as in Fig. 2. If polyphase currents of frequency 
fi cycles per sec. are fed in through the terminals Ai A 2 As and 
the commutator revolves with speed A revolutions per sec. the 
slip rings BiB^Bs which are supposed to be equal in number to 
the commutator segments, and one being joined to each, will 
deliver polyphase currents of frequency fo = fi Az S according 
to whether the commutator revolves with or against the direc¬ 
tion of rotation of the inflowing current. 
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Hence for the case of a “ two-pole ” arrangement of the 
brushes on the commutator, we have 

5 = d= (/i —/2) 

This is particularly obvious if/i = 0 . If, however, the brushes 
are connected “ four-pole ” for instance as shown in Fig. 3, so 
that the slip ring which is connected to a certain segment say, 
goes through a complete cycle while the commutator turns 
through 180 deg. instead of 360 deg., the difference between the 
commutator and slip ring frequencies will be twice as great as 
before, or 25' = ± (/i —/ 2 )- 

p 

In general if be the number of pole pairs for which the com- 
mutator brushes are joined 

s X-^ = ± if I — fi) 


Ai 



exactly the same equation as we had for the induction machine. 

P . P 

For a two-pole machine - 7 ^ = 1 and for a four-pole machine ~ = 2. 

2i ^ 

In the commutator frequency converter the whole of the 
power flowing into the commutator flows out of the slip rings, 
notwithstanding any change of frequency, whereas, in the elec¬ 
tric machine, the power flowing into the primary divides into 
two parts, one part proportional to 5 appearing in mechanical 
form and the other proportional to /a appearing as electrical 
power in the secondary. From considerations of power, this 
is the outstanding difference between the two cases. 

We may now summarize the results we have already obtained; 

(1) That motor and generator form together with the trans¬ 
mission line a mechanism in the ordinary sense of the word; that 
is, a means of modifying motion and force, or in more general 
language, of changing the flow of energy. 
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(2) That the electrical and mechanical speed-torque charac¬ 
teristics of the machine are those of a differential gear, there being 

a definite relation, 5X^ = (/i~/ 2 ) between the stator and 

rotor frequency and the mechanical speed which is identical 
with that in a differential gear. The relation between the 
mechanical and electrical speeds and/ 2 , can only be changed 
by changing the number of poles. 

(3) the primary function of the commutator is that of a fre¬ 
quency changer which can change frequencies arbitrarily with¬ 
out change of voltage or power. 

(4) The same equation, S X “/i ~/ 2 )is also characteiis- 

tic of the commutator which is a purely electrical differential 
gear inherently incapable of transmitting a torque. 

Hence the different types of electrical machine and systems 
of electrical transmission may be compared with a number of 
differential gears, with or without means for varying the number 
of poles, which corresponds to the velocity ratio of mechanical 
gear and with or without commutators, which may be regarded 
as the only practical form at gradually adjustable gear in exist¬ 
ence. Other differences which may be noted to exist are as 
follows: 

(5) Systems otherwise identical differ in their method of 
magnetization. 

(6) Several revolving fields may be superposed in the same 
structure as in the Hunt “ internal cascade machine, the single¬ 
phase or elliptic-field machine, or the split-pole converter. 
Thus'the above considerations give us three principles of classifi¬ 
cation. 

(1) According to the disposition we make of the secondary 
power output or output from the “ intermediate shaft” of 
the differential gear. A parallel principle leading to approxH 
mately the same result is according to which of the quanti¬ 
ties F, fi, or fi, is regarded as variable in adjustable speed 

machines. * 

(2) According to the manner in which we employ the com¬ 
mutator in our system. 

(3) According to the method of magnetization. In addi¬ 
tion to this, the machines may be either generators, motors, 
converters, double current generators, phase advancers, etc., 
but this really introduces no new feature, as most machines 
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are capable of all or most of these functions. If our class¬ 
ification is exhaustive we shall find that when we have assigne 
our machines a place in each of our classes it is completely e- 
fined' and nothing further remains to be specified, apart from 
constructional details. We shall avoid circumlocution if we 
define the primary as the element into which power flows from 

the line. 

First Principle. Methods of disposing of the secondary power. 

The secondary power may be made zero by making the sec¬ 
ondary frequency zero or as low as practicable. is is one 
in almost all the standard types of machine in wide commercial 
use. Examples of this are the following. 

1. Ordinary synchronous machines of all kinds where the 
secondary frequency is made exactly zero. 

2. Induction machines with short-circuited rotor where the 
secondary frequency is made very low, and the small amount 
of secondary power generated is dissipated as heat. 

3. Direct-current machines where according to the above 
definition the armature must be considered as the primary. 
From our present point of view they only differ from sync ron 

‘ ous machines in that the alternating currents which flow in 
the windings are produced from direct current by the com¬ 
mutator instead of being supplied by the line. 

4. Repulsion machines (ordinary and inverted) and in fact 
all types in which all the windings on one member are short- 
circuited. How the secondary power in elliptic field machines 
may be reduced to zero without confining the machine to 
synchronous speed will be shown below. 

Secondary power may be entirely wattless, as in the single¬ 
phase series machine. 

Secondary power used in another apparatus {cascade systems). 
In this case the power flowing out of the secondary is supphe 
to a second machine which is either independent or mechanical y 
coupled to the first. Examples of this are induction machines 
cascaded with other induction machines, synchronous ma¬ 
chines, or a-c. commutator machines. 

Secondary power transformed to primary frequency by a com¬ 
mutator and returned to the line. Examples of this are certain 
types of a.c. commutator machines when running at spee s 

differing from synchronism. 
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Seco7id Principle. According to the manner of tising the com¬ 
mutator. 

If we confine ourselves, as we are doing, to a single machine, 
the only two possible methods of using a commutator are: 

(1) On the primary as in the d-c. machine. 

(2) On the secondary as in the a-c. commutator machines 
mentioned above. If, however, as may readily be done, we 
extend our survey to groups of machines working in conjunc¬ 
tion as in cascade sets for instance, a large variety of further 
interesting methods of application are revealed. A third way 
of applying it, however, is to confine currents to a definite axis 
in space as in the repulsion motor etc. This method only ap¬ 
plies to elliptic field machines. 

Third Principle. Methods of magnetization. 

Two distinct methods of magnetization may be distinguished. 

1. The primary may be the seat of the magnetizing currents 
which may be led in direct from the line as in the normal in¬ 
duction machine and several others. This may be called high- 
frequency magnetization and involves the appearance of a con¬ 
siderable amount of reactive power proportional to ■ the fre¬ 
quency in the line circuit. 

2. The secondary may be the seat of the magnetizing currents 
which may be led in direct from the line through a frequency 
changing commutator or supplied by an exciter. This latter 
method may be called low-frequency magnetization and does 
not give rise to reactive power in the line. In order to under¬ 
stand the various methods of magnetization better we shall 
devote further space to the matter later on. 

Circular or Constant Intensity Field Machines 

To make up a complete circular-field dynamo electric ma¬ 
chine we have four elements: the line, the stator, the rotor, 
and the commutator. By making various combinations of 
these we obtain different types of machine having different 
characteristics and adapted to different purposes. Different 
types of winding exist, each capable of being adapted for con¬ 
nection to direct current, single, or polyphase lines or to a com¬ 
mutator. Each of these is capable of being built for many 
different polarities. Hence when we say “ connect the line to 
the primary” we therefore assume that it is provided with an 
appropriate winding. In the following table are shown the 
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various permutations, etc., of the foui elements mentioned 
above which will give rise to practical machines. It will be 
seen that there is not a very great number. ^ 

1. The Induction Machine. The simplest is that in which 
the commutator is entirely absent and the secondary short- 
circuited, the primary being connected to the single- or poly¬ 
phase line and being wound in a suitable manner. In this 
case the secondary power is very small, being absorbed ei^irely 
by the secondary resistance, while the commutator is absent, 
and the primary winding has two distinct functions to perform, 
viz., magnetization and the production of a torque. or t e 
former purpose we require a distribution of current density 
in the stator slots which is in quadrature with the wave of 
flux density, assumed to be harmonic when we assume a circular 
field. For the latter purpose the distribution of current density 
in the stator slots should be in phase with the wave of flux 
density. Hence two currents, the “ magnetizing and ^ oa 
currents, in quadrature with one another, must flow in the 
stator winding, and this must be of the distnbuted type in 
order to allow of its producing an approximate sine wave ot 
magnetism. Such a machine is confined to speeds close to 

synchronous. 

2. The Synchronous Machine. The two distinct functions 
which the stator winding performs in the above machine are 
separated in the next type which difters from the above solely 
in that the magnetization is of the low-frequency type and 
therefore the magnetizing currents on the secondary. Although 
a distributed primary winding is still used to diminish the leak¬ 
age, etc., yet it is not so essential as in the induction motor, 
since the primary has no longer to produce the magnetization. 

The secondary winding is usually of the concentrated type 
since it revolves with the flux wave and does not cut it.^ Under 
the same heading we must include induction machines in which 
the secondary is excited by low-frequency currents from what 
is called a phase advancer. In this case the secondary power 
is not strictly zero but it is absorbed by secondary resistance. 

The function of the phase advancer, which is a small, low- 
frequency dynamo, is to produce a current in the secondary which 
is in quadrature with the load current and so capable of produc¬ 
ing magnetization. This phase advancer may also be made to 
supply the secondary PR loss, whereupon the slip is reduced to 
zero and the machine becomes synchronous. This case only 
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differs from that of the ordinary synchronous machine in that the 
position of the flux wave relative to the secondary, though 
invariable during running, may be adjusted to have any position 
instead of being fixed by the construction of the machine. 

3. Polyphase Commutator Machines. The third type having 
a commutator on the secondary may be regarded firstly as a 
mere constructional modification of the induction machine, the 
advantage of the use of a commutator lying in the greater 
flexibility attained. In fact it is quite clear that if for the squirrel 
cage rotor mentioned above we substitute a commutator rotor 
with all the brushes short-circuited no alteration in the charac¬ 
teristics will be produced. 

Suppose the commutator rotor to have the same number of 
turns as the primary. Instead of short-circuiting the brushes, 
suppose the stator to be fitted with a second or neutralizing wind¬ 
ing having the same number of turns as the rotor or the primary 
and connected in series with it in such a manner that the two 
together form a non-inductive circuit. Thus the commutator 
rotor is connected into the star of the neutralizing winding on the 
stator. 

Now suppose the polyphase line connected across rotor and 
neutralizing winding, and let us consider what happens. The 
rotor voltage is still zero since it is still running in synchronism 
with the flux, but the same e. m. f. is induced in the neutralizing 
winding as in the ordinary primary winding since the two may be 
exact duplicates of one another lying in the same slots. 

This e. m. f. therefore balances the primary e. m. f. Since the 
ampere turns of the rotor and neutralizing winding are exactly 
equal and opposite they exert no inductive effect on the original 
primary winding and it is therefore relieved of all currents except 
magnetizing currents and its section may«be proportionately 
diminished. 

So far we have achieved nothing but a constructional modi¬ 
fication of the induction machine but we now begin to see how 
this construction may be turned to advantage. 

As soon as we depart from synchronism, an e. m. f. appears 
across the commutator brushes which, multiplied by the cur¬ 
rent, is a measure of the secondary power. Owing to the pres¬ 
ence of the commutator, this secondary power always appears 
at line frequency and is absorbed direct from the line above 
synchronism and returned direct to it below. Hence such ma¬ 
chines are capable of giving adjustable speed operation whether 
connected shunt or series, and this is their chief claim to existence 
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4. The Direct-Current Machines. The fourth modification of 
the fundamental induction machine is that in which the commu¬ 
tator is interposed between the line and the primary winding and 
consequently the primary receives a frequency different from 
that of the line. The most prominent example of this class is 
the direct-current machine in which a wave of' current density 
revolving relative to the primary of the machine is produced 
from the d-c. supply by the commutator. The magnetization 
which may be shunt or series is of the low-frequency type de¬ 
rived direct from the line and of course the secondary power 
zero. Since the primary frequency is due only to the rotation 
of the machine, the machine must always notwithstanding its 
adjustable speed be of the synchronous type. If a machine of 
type 3 be run very much above synchronism the secondary 
power will be much greater than the primary, and it will gradually 
approach the fourth class which is the limit towards which the 
third class approaches as the frequency tends to zero. All those 
exciters, phase advancers, etc. adapted to deal with currents of 
slip frequency must be placed in this fourth class, though the , 
distinction between the third and fourth class will be more in the 
frequency of supply relative to that of rotation than otherwise. 
In the accompanying table have been written down the various 
permutations of the different alternatives contained in our 
four classes, excluding those which are obviously self-contradic¬ 
tory^ It will be seen that there is not a very great number of 
permutations and of these some are impossible or at least un¬ 
known while some are merely special cases of others, occurring 
only at a particular speed (synchronism).^ Thus, finally, of all 
the possible permutations, only four distinct types of machine 
emerge— those briefly described above, all of which may be de¬ 
rived from one another by simple mechamcal processes of in¬ 
version, etc. Thus starting^ from the d-c. machine we may 
(1) replace the commutator by a polyphase set of collector rings 
and we have a synchronous machine; (2) replace the field winding 
by a squirrel cage and we have the induction type; (3) invert, 
making the secondary the rotor, replace the squirrel cage by a 
oomi^utator carrying a polyphase set of bashes 

and reconnect the brushes in the manner described above,and 
we have the polyphase commutator type. These constructiona 

modifications have one of two objects: 

(a) Adaptation to difierent kinds of current as when we chan.,e 

a direct-current to a polyphase machine. 
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(b) To obtain characteristics adapted to some particular 
variety of industrial work as when we change the induction to 
the commutator type. It should be recognized however, that, 


CIRCULAR OR CONSTANT INTENSITY FIELD MACHINES 


Name 

Disposition 
of secondary 
power 

Commutator 

Magneti¬ 
zation . 

Shunt or 
series 

Remarks 

1. 

Zero or ab- 

absent 

H.F. 

Series 

/ Impossible or 

2. Induction ma- 

sorbed by se- 




\ unknown 

chine. 

secondary 


(( 

Shunt 


3. 

resistance 

(( 

L.F. 

Series 

] Impossible or 

4. Synchronous ma- 





\ unknown 

chine. 


tf 

(C 

Shunt 


5. 


on primary 

H.F. 

Series 


6. 

(( 

(( 

ft 

Shunt 


7. D.c. series mach. 

({ 

a 

L.F, 

Series 


8. D.c.shunt mach. 

U 

u 

{( 

Shunt 


9. Polyphase com- 

] 




The secondary 

mutator series 

r 




power is only zero 

mach. 

J '■ 

on secondary 

H.F. 

Series 

at synchronism so 

10. do. shunt. 

a 

ft 

U 

Shunt 

these rriachines are 

11.do. series com- 





only special cases 

pensated. 

u 

f( 

L.F. 

Series 

of the next four 

12. do shunt. 

If 

ff 

ff 

Shunt 


13. Comm, series 






mach. 

Returned 

■ on secondary 

H F. 

Series 


14, Do. shunt. 

through 

ff 


Shunt 



Commutator 





1.5. Do. .series com- 

1 





pensated. 

/ “ 

<( 

L.F. 

Series 


16. Do. shunt. 



If 

Shunt 


17. Induction mach. 

Used in 






separate 






appara.tus 

absent 

H.F. 

Series 


18. Ca.scaded with 

r 

ft 

U 

Shunt 


19, 13. 14, In or 16 

f( 

ft 

ff 

Series 


20. 

ft 

if 

tt 

Shunt 


Converters 


Absorbed by 





Induction 

secondary 

on primary 

■ H.F. 

Shunt 



resistance 





Synchronous 

Zero 

(( 

L.F. - 

i< 


Commutating 






frequency 

Wattless 

ff 

H.F. 

ff 


converter 

ft 

ft 

L.F. 

ff 



Note: “ H.P. " is an abbreviation for “ high-frequency ” and " L.F. ” for low-fiequency. 


in Spite of all variations, there is but one dynamo-electric ma¬ 
chine retaining its main features unchanged throughout. It is 
interesting to note that machines with series characteristics 
invariably have commutators. 
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Converters 

Variotis types of converters exist calling for a place in oui 
classification. The function of a converter is^ essentially to 
produce a change in frequency and hence when it consists only 
of a single machine it is invariably of the commutator type. 
Such an apparatus (in the ideal case) is not called upon to develop 
torque and hence no secondary power exists. Certain types o 
frequency converter are fitted with field windings whose sole 
purpose is to produce a flux. In this case the secondary power 
is wattless or reactive, the only possible case of reactive secondary 
power in a circular field machine. Converters to operate on 
constant voltage must necessarily be shunt machines. 


Elliptic Field Machines 


When we come to elliptic field machines an entirely new set of 
possibilities presents itself. The secondary power in such a 
machine may be reduced to zero though neither the secondary 
e.m.f. nor current are zero. Moreover in certain cases it may 
become entirely wattless a case which cannot occur in cir^i ar 
field machines. An elliptic field machine must necessanly have 
a commutator, since any machine having a short-arcuited or 
separately-excited secondary must necessarily give rise to a cir¬ 
cular field.* Owing to the presence of this commutator the sec¬ 
ondary power when it exists appears at line frequency, and there 
is therefore no difficulty in returning it to the line or deriving it 
therefrom. In dealing with circular field machines we_ found 
it useful to draw a distinction between the cases in which the 
commutator was on the primary or on the^ secondary ^ ® 
shall still find it useful to draw the same distinction. ^ It enables 
us to divide our machines into two classes containing pairs of 
machines which may be shown to be exactly reciprocal to one 
another. For instance dealing with single-phase senes type 
motors we may divide them into a number of pairs as follows: 


Com- 

tnutator 


Secondary Primary 
coil coil 


1 n • „ I Primary I Stator btaror | xsutui 

Neutralized Series I.. a y Statoi 

compensated Repulsion /.S-ndary Rotor Rotor St.oi 

O dTnary ’ I.Secondary Stator Rotor Stator 

Induction Series ] .Secondary Stator Rotor StaWr 

Comp. Inverted ^.| 

Repulsion M otor J . . ...—;-^y 

*The case of continuous dissipation of power, as in the single-p la 

induction motor operating below aynchroniam, 

eluded by the assumption that we are dealing with ideal machmes. 


Stator 

Rotor 

Stator 

Rotor 

Rotor 

Stator 


Rotor 

Statoi 

Rotor 

Stator 

Stator 

Rotor 


as in the single-phase 
considered to be ex- 










1406 


GREEDY: ELECTROMAGNETIC MACHINERY [June 30 


Diagrams of these machines are shown in Figs. 4, 5, 6, 7, 8 and 9. 
The last machine, which I have provisionally called the com¬ 
pensated inverted repulsion motor, is shown in Fig. 9. It has 
never been discussed as far as I am aware yet it is quite as practi¬ 
cal a type as any of the others and may even have some advant¬ 
ages. Let us now consider in what manner the secondary power 



is disposed of in some of these pairs of machines. In the repul¬ 
sion motors, ordinary and inverted, the secondary circuits are 
completely short circuited and hence the secondary power zero. 
In the neutralized series and compensated repulsion motors, as 
also in the last pair, the secondary power is used entirely for 
magnetizing and is therefore wattless. If the magnetization 



is of the low-frequency type, as in the compensated repulsion 
motor, the secondary power* vanishes completely at a particular 
speed (synchronism). The distinction which we have drawn 
between machines having the commutator on the primary and on 

”*It should perhaps be mentioned that by “secondary power” we 
mean the actual power measurable by a wattmeter and not any fictitious 
quantity such as some theories accustom us to consider. 
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the secondary merely symbolizes other important differences. 
Machines with commutator on the primary are pulsating 
field machines ” having a field distribution of the well known type 
characteristics of the neutralized series motor, viz., having a 
definite axis fixed in space. Such machines may conveniently 
be built with salient poles. Machines with commutator on the 
secondary are “ revolving field machines ” in which the field 
revolves elliptically at all speeds, becoming circular, as a rule, 
at synchronism. Such machines require an induction motor 
type of stator with uniform air gap all around. There are more¬ 
over important differences between the commutation of the two 
types. In the -revolving field type,” since the flux revolves 
with the armature at synchronism, the commutating conditions 
are identical at this speed with those in direct-current machines. 
In the “ pulsating field type ” of course no such conditions exist, 
hence the above mentioned distinction symbolizes a large num¬ 
ber of practical differences independent of any theory. Moreover 
the same distinction has been shown to be significant with refer¬ 
ence to all standard types of machine also. In order to discuss 
the elliptic field machines more fully it is necessary to enter upon 
their theory to a certain extent. The writer has accustomed 
himself to think in terms of a certain theory which is described 
in a treatise entitled “ Single-Phase Commutator Motors 
published by him in 1913. Although this method of studying 
elliptic field motors is not at present very widely known it pre¬ 
sents considerable advantages, and it will accordingly be made 
use of here. The purpose of the following discussion, however, 
is purely that of explaining the two reciprocal classes of single¬ 
phase series type motor which have been mentioned above, and as 
it adds nothing further to our results, may be omitted by the 
reader who is unfamiliar with the methods used, and who is 
willing to take for granted the reciprocity of the two classes. 

Power Calculations in Elliptic Field Machines 
The secondary power is now the product of an elliptically dis¬ 
tributed e.m.f. and an independent elliptically distributed current 
which may have quite different axes from that of the ^e.m.f. 
The multiplication of such ellipses has been discussed in the 
writer’s “ Single-Phase Commutator Motors,” Appendix, pp. 
108-109, where two products, the “ sine ” and the “ cosine 
product, are defined as follows: Suppose we wish to multiply any 
two vector ellipses, we must resolve each into a pair of conjugate 
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diameters which will be in quadrature with one another. These 
are shown in Fig. 10 as ab and a'b' and they must be so chosen 
that a is in phase with a' and b with b'. If a: is the angl® 
tween a and a' and ^ that between b and b' we define the “cosine 
products of the two ellipses a a' co 5 a b b' cos If one 
ellipse represents a current distribution and the other an e.m. . 
distribution, then “cosine” product represents the maxirnum 
power flowing due to the two, and ^ (o o cos ol b b cos p) is 
the mean power. In the case, in which both ellipses reduce to 
circles, we have a = &, a' = 6' a = i8 so that the mean power 
will be a a'cos a which is the usual expression. Since a is in 
quadrature with b' and b with a' we have not considered the 
products of these terms, as they will give rise to purely wattless 
or reactive terms. It is quite clear that the above expresaon 
may be reduced to zero in many ways without either of the fac¬ 



tors being zero and hence the secondary power of our elliptic 
field machines may be zero or purely wattless without either 
the secondary current or e.m.f. being zero. Hence, such ma¬ 
chines are not restricted to synchronous speed in the absence of 
some means of disposing of the secondary power as are machines 
of the circular field type. We shall now discuss some of the 
principal cases in which such a product may be zero without either 
of the factors vanishing. 

1. Ellipses fiimilar and of similar phase and at right angles to 
one another (see Fig. 11). In this case a = ^ = 90 deg. and the 
product is wattless since neither c b' nor.n b are at right angles. 

2. Each ellipse reduces to a straight line, both being at right 
angles (see Fig. 12). In this case the product is accurately 
zero, not wattless, and this is the only case in which it is accur¬ 
ately zero except with a circular field at synchronism 

a a' cos (X = —bb' cos |8 
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In this case the two ellipses rotate in opposite directions. We 
shall not come across any instance of this. Let us now consider 
what distributions of current and e.m.f. occur in some of the 
best-known types of single-phase motor having series charac¬ 
teristics. Consider first the case in which the commutator is on 
the primary. This case includes two well known types, the 
neutralized series motor and the inverted repulsion motor. 
Both of these involve a stator element which is or permissibly 
may be short-circuited. 

1. Taking the inverted repulsion motor first: In the stator 
or secondary element the current flows entirely in the short 
circuited coil and will be represented by a straight line ellipse 
parallel to the axis of that coil. Since the coil is short-cir¬ 
cuited the flux cannnot interlink it and must be therefore of 
the “ pulsating” type represented by a straight line ellipse 
perpendicular to the axis of the coil. The same ellipse may 



Pig. 13 Fig. 14 


also represent the e.m.f. to a suitable scale if we displace the 
phase by 90 deg. Hence, in this case, the two ellipses of 
e.m.f. and current reduce to two straight lines at right angles 
and the ” cosine” product is therefore accurately zero (see 
Fig. 13). The ampere-turns necessary to excite the flux are 
of course supplied by the primary. 

2. The Neutralized Series Motor also contains a short-cir¬ 
cuited element on its stator or secondary, viz., the neutralizing 
coil. For the same reasons as stated above, the current /„ in 
the neutralizing coil and the flux and e.m.f. will be represented 
by two straight line ellipses at right angles (see Fig. 14). In 
the present machine, however, the magnetizing ampere-turns 
necessary to excite the flux are on the secondary, being supplied 
by the field winding. The field currents will be represented 
by another straight line ellipse If parallel to (p and the resultant 
stator current by I. Thus since I and E are no longer at right 
angles their product will not be accurately zero, but since they 
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are still in quadrature it will be w'attless. We shall now turn 
to the machines of the “ rotating field” type which'are recipro¬ 
cal to the two just discussed, viz., the ordinary and compen¬ 
sated repulsion motors. 

3. The Repulsion Motor. In the rotor or secondary ekment 
the current flows entirely in the short-circuited circuit and 
will be represented by a straight line ellipse parallel to the axis 
of that circuit. The e.m.f. across any short-circuited circuit 
is obviously zero, and the e.m.f. ellipse therefore reduces.to a 
straight line perpendicular to the first, though of course it no 
longer follows that the flux is of the same form. Thus the rotor 
e.m^f. and current ellipses of the ordinary repulsion motor are 
identical with the stator e.m.f. and current ellipses of the in¬ 
verted repulsion motor (see Fig. 15). 

4. The Compensated Repulsion Motor also contains a shoit- 

circuited element on its rotor or secondary. For the same 
reasons as in the ordinary repulsion motor, the current in the 



E 


Fig. 15 



Fig. 1G 


short circuit I and the e.m.f. will be represented by two straight 
line ellipses at right angles (see Fig. 16). In this machine, how¬ 
ever, the magnetizing ampere-turns necessary to excite the flux 
are on the secondary, being supplied by the circuit through 
the field brushes. The field currents will be represented by 
another straight line ellipse J/ parallel to E and the resultant 
stator current by 1. Thus since. I and E are no longer at right 
angles their product will no longer be accurately zero, but 
since they are still in quadrature it will be wattless (reducing 
to zero at synchronism, however, since in this .machine low- 
frequency magnetization is made use of). In the above dis¬ 
cussion only the secondary e.m.f. and current distributions are 
considered but it is easy to show that primary e.m.f; and cur¬ 
rent distributions are reciprocal also. In order to bring this 
out in its clearest form we may paraphrase the discussion in 
“ Single-Phase Commutator Motors”, pp. 51, 52, 53, in two 
parallel columnst 
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The Repulsion Motor Rotor E.M.F. 
Since the rotor is short-circuited 
along the axis 0 P there can be no 
e.m.f. along that axis and the rotor 
e.m.f. ellipse is therefore a straight 
line along 0 R perpendicular to 
0 P. 

Flux Distribution. Such a rotor 
e.m.f. distribution can only be 
produced at speed K by a flux 
ellipse whose axes lie along 0 P , 
and 0 R, that along 0 R being of 
length a say that along 0 P being 
Kfl. where K = speed synchron¬ 
ism. In this case the “ Trans¬ 
former” e.m.f. and e.m.f. of rota¬ 
tion along the short circuited axis 
0 P will cancel leaving a straight 
line distribution of rotor e.m.f. 

Stator E.M.F. The stator e.m.f. 
due to this flux distribution will 
also be represented to a suitable 
scale by exactly the same ellipse 
as the flux. 


The Inverted Repulsion Motor 
Stator E.M.F. Since the stator is 
short-circuited along the axis 0 P 
there can be no e.m.f. along that 
axis and the stator e.m.f. ellipse 
is therefore a straight line along 
0 R perpendicular to 0 P. 

Flux Distribution. Such a 
stator e.m.f. distribution can only 
be produced by an exactly similar 
flux distribution which may be 
represented to an appropriate scale 
by exactly the same straight line 
ellipse. 


Rotor E.M.F. This purely single- 
phase flux ellipse induces in the 
rotor an e.m.f. ellipse whose axis 
lie along 0 P and 0 R, that along 
0 R being of length a say, and 
that along 0 P being Ka. 


Terminal E.M.F. This' ellipse 
must touch a line perpendicular 
to 0 Q and at a distance OE from 
the origin equal to the maximum 
terminal e.m.f. 


Terminal E.M.F. This ellipse 
must touch a line perpendicular to 
0 Q and at a distance 0 E from 
the origin equal to the maximum 
terminal e.m.f. 


Si-IUNT Type Machines 

There is by no means so large a variety o'f shunt type as of 
series type motors having different modes of operation though 
substantially the same characteristics. Although the number 
of constructional modifications which may be suggested is, of 
course, endless, all practicable types of motor reduce, in the end, 
to what is essentially one machine. This is due to the follow¬ 
ing facts. 

Consider the ordinary shunt motor operated on alternating 
current. If the armature current is approximately in phase 
with the line e.m.f., which it should be, of course, for operation 
on good power factor, it will be in quadrature with the flux, 
which lags 90 deg. behind the line e.m.f. In order therefore, 



1412 GREEDY: ELECTROMAGNETIC MACHINERY [June 30 

to keep the flux and current in phase we need to supply the field 
with an e.m.f. leading 90 deg. on the armature or line e.m.f. 

There is but one way to generate such an e.m.f., if we are 
to retain a purely single phase-motor, and that is by means 
of a pair of brushes arranged on the armature at right angles 
to the load brushes or those which carry the main current. 
The practical machine in which this principle is carried out in 



its simplest form is usually called the Atkinson commutator 
induction motor. It consists of a distributed single-phase 
winding on the stator, a pair of short-circuited brushes 
co-axial with the stator winding, and another pair at right 
angles thereto, also short-circuited. 

The e.m.f. of rotation induced in this latter pair of brushes 
by the primary flux leads 90 deg. on the line e.m.f. and is 


IP 




Fig. 18 


therefore capable of producing the field we require. This com¬ 
mutator armature with its two pairs of short-circuited brushes 
may be replaced by a plain squirrel-cage armature giving us 
the ordinary single-phase induction motor. Such a machine 
is of the “ rotating field” type and is therefore capable of low- 
frequency magnetization, otherwise known as compensation, 
by a well-known method. Such a machine is the single-phase 
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representative of the polyphase or circular field machines dis¬ 
cussed above, and in fact, a polyphase commutator machine 
of which one phase has been disconnected will, if of the shunt 
type, continue to operate on single phase just as an induction 
motor will. Our principles of classification do not necessitate 
any distinction being drawn between single-phase and poly¬ 
phase machines so long as the fields of both remain circular. 
The principal utility of these single-phase commutator shunt 
machines is as adjustable speed machines, and two methods 
exist for varying the speed from synchronous: 

1. By introducing power into the appropriate rotor circuit 
(see Fig. 19) by means of a transformer in exactly the same 
way as in the case of three-phase motors. Our principles as 




Fig. 20 



Fig. 21 


mentioned above do not necessitate a distinction being drawn 
between the single- and the three-phase case.. 

2. A method peculiar to the single-phase motor, consisting 
in weakening the field perpendicular to the stator axis by means 
of reactance or an auxiliary coil placed in series with the field 
brushes. In this case the rotor power is no longer zero but watt¬ 
less, being that consumed by the reactance or by the auxiliary 
coil. This method of weakening the field is shown in Figs. 
20 and 21. . 

Summary 

We may now summarize the results of our discussion and 
make some final suggestions as to the best riiethods of class¬ 
ification. 

1. The classification to which we have been led by the above 
discussion first of all subdivides our machines into: 
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{A) Circular field or constant intensity field machines, in¬ 
cluding all direct-current and balanced polyphase machines, 
all the standard types, in fact. 

{B) Elliptic or variable intensity field machines, including 
single-phase and unbalanced polyphase apparatus. 

(C) Multiple polarity apparatus such as the Hunt internal 
cascade machine and the split pole converter whose operation 
depends on the presence of harmonics in the main field. No 
detailed discussion of this class is attempted. 

(£>) We may regard homopolar machines as a fourth class. 

2. It is shown from general mechanical considerations that 
eleetric power is developed in both the primary and secondary 
element of the general induetion machine which is taken as 
typical, and that before an operable machine can be produced 
some method of disposing of this secondary power must be 
decided on. Various methods ■ by which it may be reduced 
to zero, as is done in all standard machines are discussed. Other 
methods of disposing of it are by its utilization on a separate 
apparatus (cascade sets) by commutator frequency trans¬ 
formation and returning to the line (some commutator machines), 
or by rendering it purely reactive. This can be done in elliptic 
field machines only. 

3. A second important difference depends on the use to be 
made of the commutator which may be absent, on the primary, 
or on the secondary. Except in d-c. machines the commutator 
is only useful for obtaining adjustable speed. 

4. A third difference, not so important as the above two, de¬ 
pends on the method of magnetization. Two different methods 
of magnetization are distinguished, viz., “ high-frequency” 
magnetization leading to the appearance of considerable re¬ 
active power on the line, as in the ordinary induction motor, 
and “ low-frequency,” as in the synchronous and compensated 

types. 

5. Lastly, many types may be connected either series or shunt. 

6. A table is constructed showing all possible combinations 
of these five sets of alternatives, and it is shown that they cover¬ 
all known types of constant intensity field” machines and that 
when the place of' any apparatus in the table is assigned it can 

only be constucted in one way. 

7. Coming to the elliptic field machines we find that the 
secondary power can be reduced to zero or a purely wattless form 
in many ways without either secondary current or e.m.f. being 
zero. 
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8. Our second principle of classification according to whether 
the commutator is on the primary or secondary leads us to 
distinguish elliptic field series type machines into two classes; 
“ pulsating field ” machines—the neutralized series motor and 
the inverted repulsion motor, and “ elliptically rotating field” 
machines—the ordinary and compensated repulsion motor, etc. 
It is shown that a certain reciprocity or duality exists between 
these types whereby stator e.m.f. and current distribution on 
the one type is exactly the same as rotor e.m.f. and current 
on the other. The two types are distinguished by different 
constructional features, salient poles in the one type and uni¬ 
form air gap in the other, and by differences in commutation. 

9. Shunt type machines when purely single-phase are in¬ 
variably of the rotating field type, as there is only one way of 
producing the requisite shunt field. 

10. Finally a table may be constructed by reference to which 
a characterization of any dynamo-electric machine may be 
carried out. 


Type of field 

Disposition of 

Commutator 

Magetization 

Series or Shunt 

Constant Intensity (C) 
Variable Intensity (V). 

Multiple Polarity (M). 

Sec. Power (A) 
Zero (1) 

Wattless (2) 

In Cascade (3) 

None(N) 

On Primary (P) 

On Secondary 

High Pre. (H) 

Series (Se) 

Homopolar (H) 

Returned to 
line by Trans(4) 

(S) 

Low Fre. (L) 

Shunt (Sh) 


Prom this table a machine may be characterized, as for 
instance: C—i41—P—L—►Sc would be the direct-current series 
machine, or F—^41— P — I~I —►Sc the inverted repulsion motor. 
Some possible combinations of lettering will be found self¬ 
contradictory. The principal test which we can apply to our 
system is to ascertain whether an apparatus can be denoted 
quite unambiguously by this lettering or whether several kinds 
of apparatus having legitimate claim to be regarded as different, 
and not as mere constructional modifications of one another, 
are denoted by the same lettering. The writer has tested it 
in this way to a certain extent, but an independent critic might 
be able to reveal difficulties not at present apparent. Of 
course, the present paper does not pretend to be more than 
a step in the direction of classification, and some modification 
of the present, or an entirely different scheme, might be found 
necessary. 
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Discussion on “ Classification of Alternating-Current 
Motors” (Fynn), and “The Classification of Electro¬ 
magnetic Machinery” (Creedy), Deer Park, Md., June 
30, 1915. 

A. S. McAllister: Mr. Creedy mentions several types of 
motors according to his classification, (A), (B), (C) and (D). 
Under {A) he includes balanced polyphase machines and under 
(B) he includes elliptical field machines, such as single-phase 
and unbalanced polyphase apparatus. He states that the el¬ 
liptical field machines must necessarily have a commutator. 
Therefore, in the elliptical field machines he does not include 
the single-phase induction motor without a commutator. 

I wish to call attention to the fact that an elliptical field ma¬ 
chine does not necessarily have a commutator. An elliptical 
field, if I have a proper idea of what the author means by that 
term, is a field which is elliptical in time and space. 

The author calls attention to what he says is a new type of 
machine, which has never been discussed, so far as he is aware. 
He refers to what he has provisionally called the compensated 
inverted repulsion motor. He is evidently familiar only with 
English practise, because the machine mentioned by him has 
been fully set forth in the records of the Patent Office of the 
United States. 

Mr. Fynn has called attention to certain fundamental _ prin¬ 
ciples in the operation of commutator machines; the division of 
the machine into its two parts, the torque-producing held and the 
current which produces the torque against the field. I believe 
that practically all of the differences in opinion of people who 
are more or less familiar with the various types of machines 
have been due to the fact that they have ignored this one funda¬ 
mental principle. In order to determine how a machine operates, 
one must divide it up according to the principle laid down by 
Mr. Fynn. I believe that there is no other logical and proper 
method. There may be other methods of defining what is 
meant, but in the end, if one wishes to determine the characteris¬ 
tics of the machine, he must base his equation oh assumptions 
which must be identical with what Mr. Fynn has presented in 
order to get correct results. 

H. M. Hobart: The work of the Standards Committee will 
be much assisted by these two papers. should suppose that 
the sub-committee of the Standards Committee which deals 
with nomenclature would give careful study to both papers, 
and profit by the suggestions. I doubt, however, whether either 
the one scheme or the other, if adopted, would work out very well 
in practise. It seems to me that Mr. Fynn’s object can be ac¬ 
complished much more effectively by regarding his names more 
as abbreviated definitions. As such they are exceedingly useful. 
For practical use we need something much more brief than 
some of these many-worded titles. It is enormously difii- 
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cult to force the use of terms. I do not recall exactly 
when it was, but at one time the American Institute of 
Electrical Engineers decreed that a certain machine should no 
longer be called a rotary converter, but should be called a syn¬ 
chronous converter. Unfortunately the former designation 
is still the more usual. I take that as a single but typical 
instance. 

The papers we have considered this morning are very im¬ 
portant and useful contributions to a very difficult subject. 
When we hear some one allude to a repulsion motor, 
there is vividly conjured up in our imaginations the type of 
motor to which the man refers. The correctness of the designa¬ 
tion is immaterial. If some one speaks to me of a Mallet, I see 
vividly at once something which, if he gave me a full description 
of it, he would have to talk about for a long time. It means a 
distinct type of locomotive. He might have to qualify it by 
giving certain details of it, this, that or the other kind or size of 
Mallet, but the general type of machine is brought, like a flash, 
into my mind when he speaks of a “ Mallet.” This would not 
be the case if you speak of its articulated construction, number 
of axles, arrangement of driving wheels, etc. He alludes to it 
as a Mallet, and I know what he means. He is alluding to a 
special thing, which my mind immediately grasps. 

While we cannot always approach this degree of brevity, there 
are plenty of similar instances. For example, we speak of the 
Hall effect, the Peltier effect, the Wheatstone bridge, the Blake 
transmitter, the Siemens dynamometer, the Kelvin balance, the 
Edison battery and the Daniell cell. The name of the man associ¬ 
ated with the conception or development of a certain class of ap¬ 
paratus appeals to us very strongly, and this association of the 
man’s name with the apparatus becomes very useful in identifying 
these things. It really does not make any difference whether 
the credit is correctly bestowed or not. We do not really care 
whether a man named Mallet first concei ved the particular type 
of locomotive bearing his name. We know it as an object 
called a ” Mallet,” and that means much to us, quite dissoci¬ 
ated from the fact that Ma.llet was the man who invented the 
engine. 

The fact is that in this particular subject under discussion 
the names which have, rightly or wrongly, come to be associated 
with these motors have'already helped a great deal. _We cannot 
with certainty determine who is responsible for this, that, ^ or 
the other type of a-c. single-phase commutator motor, taking 
that class of motors alone amongst these machines which have 
been mentioned. Let us confine our attention to single-phase 
commutator motors for the jjresent. So many workers have 
been contemporaneously engaged in the developrnent of these 
types of machines that it would be absolutely impossible to 
trace correctly the steps by which these machines have been 
evolved. It is sufficient that certain names are associated with cer- 
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tain types amongst these machines, or else with certain features of 
their operation. For instance, the feature of power factor cor¬ 
rection- in such a motor may be associated with a certain rnan s 
name, say Fynn. Many other names are closely associated 
with alternating-current commutator motors. Thus there is 
Atkinson, who wrote a brilliant paper on commutator motors 
many years ago, describing many of the types which are now 
becoming familiar to us in practise. Then there are Elihu 
Thomson, Arnold, Weightman and Heyland. At a later period 
we have Latour, Winter, Eichberg, Deri, Fynn, Punga, Greedy, 
Alexanderson, Milch, and, more recently, Scherbins and Kramer. 

Now, as I say, it would not be worth while to try to figure out 
to which man the invention really is due—it never could be, with 
certainty, found out. The suggestion is just to follow the general 
impression and use the name which would be most naturally 
associated with a certain type, and it seems to me much help 
would be found there. The machines might be defined by the 
Standards Committee in much the way that Fynn and Greedy 
suggest defining them. Mr. Fynn’s designations provide brief, 
compact descriptions of each type of motor. We must remember 
that other features already taken into account in the Standard¬ 
ization Rules also come into consideration. These relate ^ to 
degrees of enclosure, regulation, etc. We should simply give 
a brief name to one type of alternating-current commutator 
motor, and then state whether it is of the enclosed or ventilated 
type, the particular kind of ventilation, and the output, speed, 
periodicity and voltage and also whether the rating is short time 
or continuous. There are many features requiring mention, so 
if we can use a man’s name, (or any familar word, such as 
“repulsion”), as the means of describing the fundamental type, 
it will afford us great mental relief in many instances. I want 
to offer this suggestion for the consideration of the Nomenclature 
sub-committee of the Standards Committee. 

Charles R. Underhill: This matter of definitions of motors 
is, perhaps, a little out of my line, but I am very much interested 
in the matter of standardization. Mr. Fynn’s attitude in calling 
a neutralized single-phase series motor a neutralized single-phase 
series motor appeals to me very strongly. It tells what it is, and 
you do not have to look up the matter in the dictionary to find 
out what it is. On the other hand, I note that Mr. Greedy has 
shown a tabulation where he has used some symbols, some of 
them look like chemical symbols, but anyhow, it gives a con¬ 
densed form of classification. You have all heard of the Taylor 
system, no doubt. In the-company with which I am connected 
we never make the same article for two different custonaers. 
Everything is made on special contract, and large quantities 
are made, yet we have absolutely no difficulty in the classification 
of all of these things, not only the apparatuS.nnd type but the 
material as well. The Taylor system is a scientific thing and 
scientific management is becoming a recognized institution. 
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To begin with, let us take the former classification; let us take 
a neutralized single-phase series motor. In the first place, we can say 
that it is a motor. Any manufacturer of electrical apparatus 
in general who makes motors would know when seeing the symbol 
M that it stands for motor, and in the next position after it is 
placed the letter 5 which shows it is a series motor, and in the 
next position after that might be placed another S meaning that 
it is a single-phase motor. Then that could be followed by the 
letter N, which would show that it is of the neutralized type. 

The symbol would then be MSSN. 

In the Taylor system under this general classification come 
the sub-classifications, which naturally follow for the details. 

Let us consider the practise of the manufacturing company 
referred to above. The symbol A:£600C9187 75 is an example 
of the designation of the finished product. K= coil; E = 
enamelite wire; 600 is the resistance in ohms, C indicates that 
the coil is of the controller type, 9187 is the code number, 7 
means that the coil is treated with insulating varnish, and B 
indicates that the coil is mounted on a brass tube. Sometimes 
the dimensions are inserted between the letters in the symbol. 
The parts which enter into the construction have similar symbols, 
and the symbol for the parts, in the example cited, would begin 
with KV, meaning “for coils for various purposes’’, other following 
letters and numerals representing the material and dimensions. 

The Taylor system is being used more and more by large manu¬ 
facturing concerns; it is standard; is already in existence, and it 
seems to me that some form of classification in connection with 
those suggested in the papers would work with this system of 
scientific management right from the start.' 

H. M. Hobart: There was a technical matter in Mr. Pynn’s 
paper which might be worth mentioning. I can combine and 
resolve causes, but I find it dangerous to try to combine and re¬ 
solve effects. Mr. Fynn considers component fields. I get 
along fairly well as long as I consider component m.m.fs. , but be¬ 
lieve it is dangerous to deal similarly with the fields resulting from 
these m.m.fs. Such a plan is, in my opinion, beset with pitfalls. 
Mr. Fynn, in connection with his condemnation of the term 
“repulsion,” laid special stress on the importance of not leading 
students astray by referring to a certain 'type of motor by a 
misleading name. Does he not run the risk of leading them 
astray in this other direction? I have struggled with Mr. 
Fynn’s various papers during the last ten years and have found 
it necessary to look out for these pitfalls where he alluded to the 
component fields. I should like to know whether others have 
had similar experience, and whether it is agreed that I am right 
in rny opinion that it is practicable and useful to combine and 
resolve causes, but that there is something wrong in trying to 
do that with effects. 

Comfort A. Adams: This is a subject which I have had fre¬ 
quent occasion to discuss as a teacher, as much confusion is sure 
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to develop in the mind of the average student unless he is thor¬ 
oughly prepared to distinguish between the imaginary component 
fluxes and the real resultant flux. Nevertheless, it is in many 
cases absolutely necessary to compute these several component 
fluxes, often more than two, as if they existed separately, because 
of their intimate relation to the operating characteristics of the 
machines in question. Take, for example, the leakage fluxes 
of an induction motor; we speak of these as several inde¬ 
pendent fluxes, whereas we know as a matter of fact that 
they are mostly distortional in their nature and parts of 
the real total flux; that is, we artificially subdivide the actual 
flux into several components and compute them as if they were 
independent. There is a real danger here, and Mr. Hobart is 
quite right in emphasizing it; but it can be avoided by a sufficient 
emphasis upon the fact that the consideration of the component 
fluxes as separate fluxes is artificial and merely an aid to visuali¬ 
zation and computa,tion. 

V. A. F 3 nin: I think I can answer Dr. McAllister’s question 
as to Mr. Greedy’s paper. I may be wrong, but it appears to 
me that Mr. Greedy includes the single-phase induction motor 
under (A), for he says: “Our principles of classification do not 
necessitate any distinction being made between single-phase 
and polyphase machines so long as the fields of both remain 
circular.’’ I think Mr. Greedy believes that the field of a single¬ 
phase induction machine remains circular, and that this motor 
is therefore to be classed with polyphase motors. 

It strikes me that Mr, Greedy’s classification does not go quite 
far enough, and is based on incorrect conceptions. I think it 
is important, when talking to some one about a particular ma¬ 
chine, to indicate clearly whether reference is made to a single¬ 
phase or a polyphase machine. The differences are quite es¬ 
sential. To illustrate this, take Mr. Greedy’s contention that 
the machine shown in Fig. 19 does not necessitate a distinction 
being drawn between the single- and the three-phase case, for regu¬ 
lation is obtained in exactly the same manner in both. I do not 
agree with him at all. Mr. Greedy proposes to regulate the 
single-phase machine. Fig. 19, by injecting an e.m.f. into what 
I call the armature circuit. The result is to either lower or in¬ 
crease the speed without changing the magnitude of the field 
in the vertical axis. But if the speed is increased or decreased, 
the magnitude of the field in the horizontal axis is changed. If 
you apply the same method of regulation to, say, a two-phase 
motor, then you change its speed but do not change either its 
vertical or its horizontal field. The reason is simple—in the 
polyphase motor the rotor acts as an armature in both axes, 
while in the single-phase machine it acts as an armature in the 
vertical axis and as a field in the horizontal axis. In the single¬ 
phase motor, a change in speed alters the magnitude of the hori¬ 
zontal or motor field, whereas all motor fields in a polyphase 
motor depend on the e.m.f. applied to the stator windings and 
are independent of the speed. 
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Mr. Greedy has stated that he preferred to leave things as 
they are and not change well-established names. He, however, 
refers to the d-c. series machine as C-Al-P-L-Se, which is prob¬ 
ably a mistake for V-Al-P-L-Se. If we translate this we get: 
Variable, intensity field, secondary power zero, commutator on 
primary, low frequency magnetization, series motor, as a sub¬ 
stitute for the generally accepted name, d-c. series motor. Note 
that after we ‘have said all Mr. Greedy suggests, nobody will 
know whether we have reference to a d-c. or to an a-c. machine, 
whether it is neutralized or not, and if neutralized, whether it 
is so conductively or inductively. 

I think Mr. Hobart’s suggestion, to give coined names to these 
various motors, is well worth considering. I do not care whether 
the names agreed upon are the names of the alleged inventors 
or coined words just like the word ‘‘repulsion,” but I clearly see 
the difficulties of such a course. Some of us lay claim to the 
invention of several motors, and a dictionary defining the mean¬ 
ing of coined words will be indispensable. For my own part 
I will be very glad to accept the word repulsion, but before 
agreeing to it, a definition of the term must be insisted upon. 
Apply the term repulsion motor to any machine you ca.re to 
select for the purpose, but confine its use to that particular 
motor, for the term can have but one meaning. 

W. C. Kortials Altes (communicated after adjournment): In 
Fig. 13, Mr. Fynn shows the well-known repulsion motor and sug¬ 
gests as' a substitute for this historical name, ‘‘self-excited 
single-phase series induction motor with rotor excitation”. 

I think it is unnecessary to raise serious objections to any 
attempt to introduce this name. The well-known American 
habit of shortening even the simplest Christian name is the best 
safeguard against such a mouthful being imposed upon us. 

In Fig. 14, he shows the same repulsion motor with a some¬ 
what difierent arrangement of the stator winding and suggests 
the name “single-phase series induction motor”. 

In his descriptive outline he mentions that with a motor ac¬ 
cording to Fig. 13, “the power factor rises to near unity at about 
synchronism”, while with a motor according to Fig. 14, “ the 
power factor is low at all speeds ”. 

I have never known of this marked difference between these 
two motors and should like to ask Mr. Fynn whether he has 
found that his theory is confirmed by test. 

In Fig. 1, I have shown a bipolar repulsiqn motor having 12 
stator slots, containing a concentric stator winding, the brushes 
being shifted over 30 deg. 'The stator winding can be resolved 
into a component consisting of the conductors lying between 
the angles aOb and cOd, which excites the field flux, and a com¬ 
ponent between the angles bOc and dOa, which constitutes the 
compensating winding, from which the power is induced by trans¬ 
formation into the rotor. In opposition to Mr, Fynn, I contend 
that the current between the brushes will assume such a value 
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that the secondary ampere-turns of all the rotor conductors equal 
the total number of stator ampere-turns lying between the angles 
bOc and dOa. This applies to standstill, when the ampere-turns 
required for exciting the transformer flux can be neglected. 
When the motor is running the transformer flux will increase 
with the speed and the secondary current will assume such a 
value and time phase that the vector sum of the secondary 
ampere-turns and the ampere-turns lying between the angles 
bOc and dOa excite the transformer flux. This corresponds to 
what happens in any stationary transformer. 

My Fig. 1 corresponds to Fig. 13 of Mr. Fynn’s paper. In 
Fig. 2, I have shown the motor wdrich corresponds to his Fig.14. 
It is clear that as far as the ampere conductors in the stator slots 
are concerned and their position in regard to the brushes, my 
Figs. 1 and 2 are identical. The only difference is that the con¬ 




ductors exciting the field, lying in both cases between the angles 
aOc and cOd, are interconnected by longer end-connectors in 
Fig. 2 than in Fig. 1. This means a slight increase in leakage 
reactance. Bearing in mind that commercial repulsion motors 
have about 10 per cent leakage reactance in the stator, it will 
be appreciated that this increase in reactance is only very slight, 
and cannot so materially affect the power factor as would follow 
from the above quoted statements by Mr. Fynn. In any case 
it seems perfectly arbitrary and contrary to fact to speak in one 
case of rotor and in the other case of stator excitation. 

In Fig. 3, I have shown the same twelve slots as in Fig. 1, 
the conductors in these slots being connected by a Gramme ring 
winding. It is clear that Figs. 1, 2 and 3 are identical, with the 
exception that in case of Fig. 3 the reactance of the end-con¬ 
nections is considerably higher. 

That Mr. Fynn has an unusual conception of what is generally 
understood under rotor excitation is further illustrated by his 
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outline of the theory for the motor shown in his_ Fig. 18. He 
claims that this motor has the same characteristics as the one 
covered by Fig. 13, “ with this difference, that the whole rotor 
winding is made use of 

This motor is,^ however, fundamentally different from the one 
shown in his Fig. 13, as it has what is gerierally understood by 
rotor excitation, which offers the possibility of operating the 
motor with approximately unity power factor at synchronism 
and full load. 

A physical conception of what is generally undemtood by 
rotor excitation can readily be obtained by the following simple 
experiment.' 

A two-pole d-c. armature is driven by means of an auxiliary 
motor at approximately synchronous speed inside the stator 


b 

Y 



Fig. 3 ^ 


of an induction motor. On the commutator slide four brushes, 
spaced 90 deg. apart and connected as per Fig. 4. If we apply 
a small a-c. voltage v as shown in Fig. 4, then a current will 
■flow between the brushes 1 and 2 which excites an alternaung 
flux along an axis coinciding with the brushes _1 and 2 Uue 
to the alternation of the flux a voltage will be induced between 
the brushes 1 and 2 proportional to the flux and frequency, 
la'udng 9 ) deg. behind the current. As the armature conductors 
rotate through this flux a voltage of rotation will appear at the 
brushes 3-4, proportional to the frequency of rotation and the 
flux The freciuency of rotation and of alternation of the ap¬ 
plied voltage being equal at synchronous speed, the voltage 
appearing at the brushes 3- 4 will at synchronous speed be equal 
to the voltage applied to 1-2. Its time phase will be the same 
as the current Bowing between the brushes 1-2. If we now short- 
circuit brushes 3-4, a magnetizing current lagging 90 degrees 
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in time phase behind the voltage will flow, exciting a flux, which 
by alternation induces a voltage, balancing the voltage generated 
by rotation. If the magnetic reluctance is equal in all directions 
this rnagnetizing current will be equal to the current flowing 
between the brushes 1-2. Again it is clear that due to the 
rotation through this last flux a voltage will appear between the 
brushes 2-1 having the same time phase as the magnetizing cur¬ 
rent flowing between the brushes 3-4, or measured from brush 
1 to 2, instead of 2 to 1, will be 180 deg. ahead of the magnetizing 
current between 3 and 4 or 90 deg. ahead of the current between 
1 and 2. We found that the current from 1 to 2 induced by 
alternation of the flux yielded thereby a voltage lagging 90 deg. 
in time phase, which in accordance with the above must be 
balanced at synchronous speed by the rotation voltage. Thus 
the voltage v can be in time phase with the current flow ing from 
1 to 2 and is merely determined by the resistance drop. Due 
to the commutation losses, leakage reactance, and core loss the 
speed at which the current between the brushes 1-2 and 3-4 
becomes equal and the voltage v becomes a plain watt-voltage, 
lies somewhat above synchronism. 

It will also be found that at the stator winding a voltage 
appears which can be adjusted to different values by changing 
the voltage v. ' The important result is, that with this arrange¬ 
ment we can excite a rotating field in the motor without draw¬ 
ing a wattless current from the source of supply. Although the 
phenomenon described above can be found in several handbooks, 
I felt obliged to describe it briefly in order to point out what by 
others is understood by rotor excitation, and in order to induce 
Mr. Fynn to give his definition more specifically. 

From the above it follows that I have not the slightest ob¬ 
jection to classifying the motors shown in Figs. 18, 19, 21, 22, 
23, etc., under motors having rotor excitation. However, it 
will also be apparent that I do object to applying this, term to 
the motors shown in Figs. 4, 6, 13, 14, 16, 17, etc., of Mr. Fynn’s 
paper. 

F. Greedy (communicated after adjournment): I have been 
much encouraged to note, on the perusal of Mr. Fynn’s paper 
on a-c. motor classification, that the system at v hich he arrives 
corresponds to such a large extent with the one to which I have 
been led by entirely different and apparently antagonistic views. 
In order to be able to contrast the systems more clearly I have 
ventured to tabulate them in the two tables attached. Let us 
first discuss the points in which the two systems agree. 

1. Series or shunt machines. Any system must preserve 
the classification into series and shunt types. 

2. Single or polyphase. Mr. Fynn uses these words in a 
somewhat peculiar sense. For instance. Figs. 27 and 29, shunt 
machines in which the field is excited by a second phase, are 
classed by him as single-phase. In the sense employed by him, 
I maintain that his classification into single- and polyphase 
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machines is practically identical with mine into elliptic and 
circular field machines, since orAy balanced machines are referred 
to by him as polyphase. 

3. Conduction and induction. This class corresponds very 
closely with my subdivision into "commutator on primary" 
and "commutator on secondary". The difference between 
them only ^arises‘in such a case as Fig. 46, where although it is 
a conduction rnotor the commutator element is nevertheless 
the secondary, fie., is not that in which the power supplied by 
the line is consumed. 

We now come to the differences between the two systems. 
Mr. Fynn states at the outset that in order to arrive at a rational 
classification all suggestions must be based on one and the same 
theory and that his system is based on the component field 
theory. If this were really the case, I should be obliged, from 
my standpoint, to condemn the system radically, as I hold that 
any system or nomenclature which presupposes a particular 
theory is an impediment to the progress of science and should 
be avoided. Mr. Fynn’s quarrel with the term "repulsion motor" 
is due to its being based on a particular theory which he does not 
happen to hold. Flowever, when we separate Mr. Fynn’s sys¬ 
tem from his explanations we find it to be based on constructional 
features, methods of connection of circuits, etc., which are quite 
independent of any theory and therefore unobjectionable. 

The terms "self" and "separate" excitation raise reminiscences 
of the use of the same terms in' d-c. practise and hence seem 
confusing. BIxactly the same ideas might be expressed better by 
such terms as primary and induced excitation. Otherwise, 
I see no serious objection to the nomenclature if we can decide 
where to stop. A comparison of Mr. Fynn’s table with mine 
shows that he has classified a number of forms between which 
I do not care to make any distinction at all. It is absolutely 
imperative that some rule should be laid down as to how far it is 
desirable to go in classification, and this is, in my opinion, the 
crux of the whole question and the most important point brought 
out by a comparison of systems. I regret that I cannot agree 
with Mr. Fynn that he has enumerated all types of a-c. motors. 
He has omitted, for instance, the ordinary synchronous motor, 
which surely is deserving of a place, not to mention the Alexan- 
derson repulsion-series motor and hosts of others. Two patent 
specifications on single-phase shunt machines, one of them in 
Mr. Fynn’s own name, contain, between them, descriptions of 
over one hundred different forms, many of them differing quite 
as widely as some of the types Mr. Fynn lists. 

It is essential that some rule be found to decide which forms 
deserve a place and which forms do not. The object of the sys¬ 
tem I have developed, based on energy torque and power con¬ 
siderations, is (a) to avoid the necessity of adopting any par¬ 
ticular theory of operation for any type, and (b) to supply a 
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CREEDY’S SYSTEM 
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FYNN’S SYSTEM 
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precise rule as to where classification should stop. This rule is 

as follows: . - 

If two different constructional forms have the same physical 
properties, they should be classed together. 

For instance, I consider it undesirable to attempt to separate 
Figs. 3, 4 and 5 from one another, though there are some dif¬ 
ferences, undoubtedly. Again, Figs. 13 and 14 seem to me iden¬ 
tical and there are a number of other pairs which_ I think should 
not be distinguished or given an. apparent predominance over the 
thousands of modifications poSvSible but not alluded to. Still, 
if the general opinion of students of the subject is that constmc- 
tional forms, even if physically identical, require distinction, 
then probably Mr. Fynn’s system superadded to a system based 
on physical principles, is as free from objection as any not con¬ 
siderably more complicated. 

To my mind, however, a far better plan is to frame standard 
rules for deriving different constructional forms from a given 
form. Two such rules, which may be quoted by way of example, 
are as follows: 

1. By means of the Steinmetz transformer reduction _we may 
replace any inductive type by a corresponding conductive type 
having, not approximately but exactly, the same flux distribution 
and the same characteristics. 

2. Any two windings on the same member which are con¬ 
nected in series may be compounded into a single winding, and 
conversely, any single winding may be resolved into two windings 
in series. 

These two rules alone are sufficient to show that many of the 
types listed by Mr. Fynn are only constructional modifications 

of one another. ' 

While studying the present subject, a little book by Dyhr, Der 
Einphasen-Motoren,” which contains an extraordinarily complete 
account of every type proposed or patented up to the present, 
should be consulted. 
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THE EFFECTIVE ILLUMINATION OF STREETS 


BY PRESTON S. MLLAR 


Abstract of Paper 

This paper mentions the dependence of effectiveness in street 
lighting upon municipal appropriations and efficient lamps, 
but discusses more particularly those aspects of effectiveness 
which are dependent upon skilful utilization of the light to 
produce the most effective illumination. There are included 
a classification of streets, a statement of the objects of street 
lighting and the elements of vision under street lighting con¬ 
ditions. The paper emphasizes three considerations which are 
sometimes neglected in street lighting discussions; namely, the 
silhouette effect, specular reflection from street pavements, and 
glare. The remainder of the paper is given over to a presenta¬ 
tion of the variables upon which the effectiveness of street illum¬ 
ination depends, and upon the influence which each feature of the 
installation exercises through these several variables. As a 
part of this discussion illuminating efficiency values for the 
several modern street illuminants are given. The appendix 
includes statistics and photographs of some very recent installa¬ 
tions which illustrate the latest trend in street lighting. 


Improvement in street lighting involves (1) larger 
municipal appropriations; (2) more efficient lamps and 
accessories; (3) greater skill in application. 

Larger Municipal Appropriations. The public is gradually- 
becoming acquainted -with the advantages of more liberal use 
of light. Use of the streets at night is becoming more general 
throughout a greater number of hours. Requirements for 
good street lighting are becoming greater as traffic becomes 
denser and as traffic speed increases. Also the advertising value 
of extensively employed light is commanding appreciation in 
mercantile lines. These things combined are leading to larger 
municipal appropriations. Larger appropriations mean better¬ 
ment in street illumination because the mere addition of lamps 
with no increase in lighting efficiency and no greater skill in 
application usually improves conditions. The greatest single 
obstacle to satisfactory street illumination is lack of funds. 

More Efficient Lamps and Accessories. The last two years 
have witnessed increases of 25 to 50 per cent in efficiencies of 
street illuminants, the Mazda C incandescent lamp and the 


1429 



1430 MILLAR: ILLUMINATION OF STREETS [June 30 

magnetite arc lamp having progressed contemporaneously. 
At the present time in the magnetite lamp of medium and 
high power, in the Mazda C lamp of low, medium and high 
power, and in the flame arc lamp of high power there are avail¬ 
able illuminants having efficiencies four or five times greater 
than those of various types of enclosed carbon arc lamps which 
were the principal street illuminants in this country a few 
years ago. Some advance has been made also in the design 
of lamp equipments, notable among which are the prismatic 
refractor and a variety of light-density translucent glassware 
which combines fairly good diffusion with high transmission. 
These improvements in the materials of street illumination 
combined with the increased sums which municipalities are 
appropriating make possible a very general improvement in 
street lighting. 

Skill in Application. Recently installed systems are almost 
invariably superior to the systems which they replace. Usually 
the improvement is due in part to greater skill on the part of 
the engineers in charge. City engineers, central station en¬ 
gineers and manufacturers are better acquainted with the 
problems and have acquired more skill in meeting them. The 
result is street illumination of greater effectiveness. Notwith¬ 
standing this advance there are but few principles of street 
illumination which are regarded as thoroughly established. 
Although the subject has received perhaps more than a fair 
share of discussion and study, it is still enveloped in much un¬ 
certainty. In the literature and in practise there is much which 
indicates differences of opinion in regard to principles of funda¬ 
mental importance. It must be admitted that progress in the 
conception of correct principles is slow. Yet there is progress, 
and it may be that by the time most street lighting is made 
good, those of us who talk and write of the principles may reach 
an agreement as to what constitutes good street lighting. 

It is the purpose of this paper to discuss the variables of 
street illumination and the principles underlying the best use 
of modern illuminants and accessories under modern conditions 
in this country. We shall consider therefore matters pertain¬ 
ing more especially to the third factor entering into imptove- 
ment in street illumination as enumerated in the first paragraph.* 

*This paper may be regarded as a continuation of the discussion pre- ’ 
sented by the author before the 1910 convention of the Illuminating 
Engineering Society under the title “ Some Neglected Considerations 
Pertaining to Street Illumination.” 
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Classification of Streets 

For the purposes of this discussion the following classifica¬ 
tion of streets is adopted: 

CLASS DESCRIPTION 

la Metropolitan thoroughfares of greatest distinction. 

Ih Important city streets largely traveled at night. 

2a Business streets not largely traversed at night. 

2b City residential streets. 

3a Suburban residential streets, 

36 Suburban thoroughfares. 

It will be apparent that requirements for street illumination 
are diverse as among these different classes of streets. Fof 
example, the la class of streets is distinguished by a require¬ 
ment for dignified, pleasing fixtures and for lamps and illum¬ 
ination which should be of fairly high intensity, lighting building 
fronts as well as street. Streets of the Ih class are likely to be 
characterized by much show-window and sign lighting which 
augments the street illumination during the hours of greatest 
traffic. Here intensities are likely to be highest, and the ordi¬ 
nary .fundamental requirements of street lighting are supple¬ 
mented by the desirability for recognizing acquaintances in the 
passing throng and for detailed vision, approaching that com¬ 
mon to interiors at night. 

In streets of the 2a class a moderate intensity of illumination 
which lights building fronts as well, as street is customary. 
Policing purposes and good seeing conditions for the occasional 
pedestrian are the principal desiderata. In streets of the 2h 
class it is usually desirable to keep the light upon the street 
surface, avoiding brilliant illumination of the upper stories of 
residence fronts and providing fairly good lighting for the low 
density vehicular and pedestrian traffic. 

In streets of the 3a class it is likewise desirable to keep the 
light upon the street, illuminating the sidewalks well to serve 
the purposes of pedestrians. In streets of the 3& class, which 
are the important automobile highways connecting populous 
centers, the principal requirement is that of the automobile 
driver. liere the most difficult problems of street illumination 
are encountered. 

The discussion in this paper is applicable in varying degree 
to streets of these six classes. 
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Objects of Street Illumination 

From several points of view the objects of street ilium 
illation may be stated in somewhat different ways. The point 
of view of the motorist differs from that of the pedestrian which 
in turn differs from that of the police commissioner and from 
that of the merchant. When, however, one assembles the con¬ 
siderations growing out of all these several viewpoints, those of 
first importance appear to fall within the comprehensive classi¬ 
fication presented by the National Electric Light Association 
Street Lighting Committee in 1914, which is as follows: 

Fundamental Purposes to be Served by Street Illumination. 

1. Discernment of large objects in the street and on the sidewalks. 

2. Discernment of surface irregularities in the street and on the side- 
ivalks. 

3. Good general appearance of the lighted street. 

It would appear that in proportion as these three purposes 
are served the street illumination will be regarded as satis¬ 
factory, aiid it may be concluded that no stieet lighting in¬ 
stallation which serves these three purposes reasonably well 
can be regarded as unsatisfactory. The weight to be given 
each will vary in different streets though in a general way it 
is'probable that the purposes are served in the order named. 
It is possible to install at a low cost a system which will reveal 
large objects (purpose No. 1) while failing to serve-the two 
other purposes. With increased appropriations, or more ef¬ 
ficient illuminants, large objects may be revealed to better 
advantage and surface irregularities (purpose No. 2) may also 
be revealed although the third object may not be served. With 
still larger appropriations and still more efficient illuminants, 
discernment may be improved and a pleasing appeal ance for 
the street (purpose No. 3) by day as well as by night may be 
had. All three objects may be served when appropriations are 
adequate. 

Processes of Seeing 

In streets at night objects are seen by reason of contour, 
relief, shadow or color. 

We perceive the contour of objects when they are markedly 
different in brightness from their background. Since most 
large objects on the street at night are darker than their back¬ 
ground we perceive them usually as silhouettes. 

Contrasts in relief are perceived when the exposed surface 
of an adequately illuminated object presents areas of different 
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reflecting powers, or elements wliich are more or less favorably 
inclined with, respect to incident light, or elements which lie 
in the shadow of other elements of the surface. 

We may perceive small objects by reason of their shadows 
occasioned by the interception of sharply inclined rays of light. 
Shadows of large objects are not always of value in promoting 
discernment and are often misleading as in case of the shadow 
of a telegraph pole thrown across the sidewalk. 

Color contrasts are not usually relied upon since in installa¬ 
tions where discernment is at all difficult, color is usually lost 
and objects are perceived more readily by other means. 

The several kinds of contrast perception are suggested -in 
Figs. 1a and 1b, made from a series of photographs of test tar¬ 
gets. These liaA^e been located successively in six representa¬ 
tive positions between lamps in the street shown in Figs. 8 
and 9. Fig. 1a shows the lighting effects by the centrally mount¬ 
ed lamps shown in Figi 8. Fig. 1b corresponds with Fig. 9. 
The targets^^are substantially the same color as the street sur¬ 
face. It is to be noted that those which are most clearly re¬ 
vealed receive the least light and are silhouetted against their 
background. Those least distinctly revealed receive on the 
observed surfaces about the same light as their background. 

Contrast perception is the ruling visual process with which 
street illuminations is concerned. To increase contrasts on 
surfaces to be seen is to better conditions for vision. 

Some Considerations which are Often Ignored 

In much of the literature of street illumination, curves of 
illumination intensity form the principal basis of judgment 
as to effectiveness. There is a tendency to over-emphasize 
the importance of incident light to the prejudice of other im¬ 
portant considerations. Three of the principal considerations 
which are not emphasized directly by study of illumination 
intensity curves are presented in. the following paragraphs. 

Silhouette Effect* When the writer directed attention to 
the silhouette effect in 1910, there existed but little apprecia¬ 
tion of its importance. During the five years which have 
intervened there has gradually developed a greater apprecia¬ 
tion of the extent to which it enters into conditions of visibility 
in street illumination. Yet its very general appli cability even 
Unrecognized Aspect of Street Illumination. Millar, Trans¬ 
actions I. E. S., 1910, page 646. 
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now is unrecognized by^some engineers. There is an impression 
that only in lighting of very low intensity is it the prevailing 
method of discernment. As a matter of fact the silhouette 
effect is pronounced whenever there are bright street or build¬ 
ing backgrounds. A photographic under-exposure of any 
street in the daytime shows objects as silhouettes. The casual 
glance of an automobile driver corresponds roughly with such 
an under-exposure. The majority of observations of large 
objects on the streets in our more intensely lighted thorough¬ 
fares, especially in the practise of automobile drivers, falls 
under this heading, because a driver is concerned primarily 
with avoiding obstacles and usually looks carefully enough only 
to detect the presence of pedestrians and other objects. Usually 
he sees these as dark objects silhouetted against the lighter 



3—Curves of Brightness and Illumination Intensity 


street surface or building surfaces. The pedestrian too obtains 
distant views of large objects as silhouettes, but as he moves 
more slowly and approaches objects more closely, he has op¬ 
portunity for closer observation, and in the more brightly 
lighted streets supplements discernment by silhouette with 
actual observation of surfaces in relief. 

Figs. 5a and 5b show illustrations made from the original sil¬ 
houette photograph illustrating the importance of this effect 
in street lighting. 

Nature of Street Pavement. Modern streets which require 
greatest care in lighting are traversed by automobiles. The 
majority of them are paved with asphalt, asphalt block, wooden 
block, treated macadam, etc. .As a result of automobile traffic 
such pavements become oiled and polished. The high spots 
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of the pavement then reflect specularly. Fig. 2 is a night 
view of a part of Columbus Circle, New York City. The 
pavement is wooden block. The street in the immediate fore¬ 
ground of the picture is not traversed by vehicles. The pave¬ 
ment in the outer ring of the circle, which appears in the middle 
of the photograph, is traversed by vehicles and has become pol¬ 
ished in the manner described. It reflects specularly and its 
brightness as viewed is due largely to distant lamps. 

Figure 3 shows measurements of horizontal illumination 
intensity and of brightness at the angle of an automobilist’s 
view. The broken line shows horizontal foot-candles as meas¬ 
ured on East 80th Street, New York City. This has an ordi¬ 
nary asphalt pavement and is illuminated by multiple en¬ 
closed arc lamps 365 feet apart. The continuous line shows 
brightness values. It will be noted that whereas the foot- 
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Fig. 4—Curves of Brightness and Illumination Intensity 


candles vary in the ratio of 46 to 1, the brightness varies in the 
ratio of 8 to 1. This is a. street in which automobile traffic 
forms but a small part of the total traffic. 

Fig.'4 shows corresponding data for upper Seventh Avenue, 
New York City, which is a street largely traversed by auto¬ 
mobiles. The street is paved with block asphalt; the horizontal 
foot-candles vary in the ratio of 10 to 1. The effective bright¬ 
ness varies in the ratio of 2 to 1. The impression of uniformity 
which one derives from a trip through the street is expressed 
by this brightness ratio rather than by the foot-candles ratio. 
On this street, which is of the boulevard, central parkway type, 
there are three lines of lamps. The linear spacing of the lamps 
is about 125 feet. As the street is fairly level, a great number 
of these lamps is within view at a given time. The street sur¬ 
face consists largely of small polished areas which reflect specu- 
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lariv In driving through the street one sees reflected in these 
small Pdished aleas imperfect images or part images^ of dis- 
tant lamps. Notwithstanding the rather wide spacii^ an 
mlernon-uniformity of illumination intensity th^^ffect - 
one of remarkable uniformity of lighting. In ^ 

looks at the street surface 200 feet or more away, and the sim- 
face which he sees is rendered bright by lamps 
nnp-nuarter one-half or even one mile away. Consequent y 
the surface* between lamps viewed from this angle is almos 
h norquite as bright asl the surface near or directly under 

"'^liTftreet which is largely traversed by automobiles and 
which has pavement of the types named above, is likely to 
„ rather dark because of the oil which is deposited upon 
if from automobiles. It is, however, a most favorable surface 
for street lighting purposes because of its 

specularly. It was found that Seventh Avenue, New YoA City 
descfibed above, has three to four times the eSective bnght- 
ness per lumen of incident light as another prominent thorough- 

fare which is paved with Belgian block. _ 

Fig 11 whkh will be referred to in another connection, 
an additional example of this effect as encountered in a country 

road paved with treated macadam. Here 
500 to 900 feet apart. The roadway between lamps, from 
“e driver s point ff view, is well illuminated due in part to 

’\To™idtiof^of the fact that modern streets are likely to 
be characterized by more or less of this specular quality neces¬ 
sitates important alterations in some of the 
ing street lighting which have prevailed in the past and whic 
are held at the present time by some engnieers_ ^ 
Relation between Lamps and Street Surfaces. The effect of 
glare in street illumination is dependent pnmarily_ upon: 

1 The extremes of contrast within view; that is contrast 
in brightness between the light source and the illuminated 

sui-ir£3iC0s 

2. The visual angle separating the glaring source from the 

observed surfaees. . . . . -n • 4 . i 

3. The portion of the field of view winch is illuminate . 

Glare militates against good street illumination, first in e- 
creasing ability to see, and second, in rendering unpleasant 
the appearance of the installation and the street. Insofar as 
it reduces visual power it manifests itself in three ways: 
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Fig. 2—View in Columbus Circle, New York City. Note 
Specular Reflection from that Part of Pavement which is Tra¬ 
versed BY Automobiles. Note Absence of Specular Reflection 
FROM Immediate Foreground, where there is no Automobile Traffic 
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Fig. 5a—Original Street Lighting Silhouette Picture. Illus¬ 
trating Importance of Bright Street Surface and Showing How 
the Automobile is.Discerned because the Street Surface Beyond 
IT IS Bright, not because the Light Falling Upon it Renders it 
Visible. For a Demonstration of Glare See Fig. 5b. 
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Fig. 5b—Same as Fig. 5a with Nearby Light Source Visible. 
For a Demonstratio.y oy the Importance of Separating the Glar¬ 
ing Source from the Observed Object I-Iold the Picture ear- 
to or Further from the Eyes, as the Distance from the icpure 
TO the Eyes Becomes Greater the Visual Angle of Separation 
Becomes Less and the Glare Effect is Magnified 
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Fig. 6—Sixteenth Street, Washington, D.C. 100-cp. Mazda 
Lamps Over Curbs. Note Specular Reflection from Street Sur¬ 
face NEAR Curbs and Dark Area in Middle of Street 

Pliotogra.pli by courtesy W. C. Allen, Electricnl Engineer, District of Columbin* 
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First, actual diminutions in ability to perceive small con¬ 
trasts in the presence of a bright light source. 

Second, distraction of attention as a result of which small 
contrasts may not be perceived when viewed casually. 

Third, a temporary dazzling effect which persists for a few 
moments after a bright light source is viewed directly. 

Figs. 5a and 5b illustrate the effect of glare. In Fig. 5a the 
nearby light source is removed. In Fig. 5b the presence of the 
light source distracts attention from the automobile and the 
view is rendered less pleasant. In fact there is a little dis¬ 
comfort involved in looking at the automobile. Nevertheless 
if one deliberately dispells the idea of the glaring source from 
his mind and concentrates on the automobile, it can be seen 
just as well in either illustration. These pictures further illus¬ 
trate the importance of securing adequate separation between 
the light source and the observed object, the distraction due 
to the light source being greater relatively when the picture is 
held at a distance from the eye and the visual angle between the 
source and object is decreased. 

If a single brilliant light source, as a bare Mazda C lamp, 
is located over a dirt road in the country, the glare is \er\ 
bad. If the lamp is raised to a greater height or moved to one 
side of the road, or if the lamp is enclosed in a diffusing globe, 
the glare is lessened. If a number of additional lamps are 
strung beyond it along the road, the glare is further reduced. 
If the lamps, instead of being located over a dirt road, are 
located over a treated macadam road, or better still, over an 
asphalt road, the glare is less serious. Light-colored buildings 
along the street also assist in reducing the glare. ^ In short, 
anything which reduces the contrast between the light source 
and the road surface, or which increases the illuminated area 
within view, or which separates the bright light source from 

the road surface, reduces the effect of glare. 

Sweet in 1910* studied that part of the effect of glare which 
is a measureable reduction in the ability to see, using a single 
light source in a dark room. He found under these exagger¬ 
ated conditions that a large reduction in visual power could be 
traced to the presence of a bright light source close o e oen or 
of the field of vision. In 1914t working with others on the 

" All Analysis of Illumination Requirements in Street Lighting 

Journal of Franklin Institute, 1910. 

^Electrical Review and Western Electrician, March 6th, 191o. 
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campus of the University of Wisconsin, he pursued his re¬ 
searches, and has given preliminary publication to some very 
interesting results. In this latter research he employed from 
two to four lamps mounted at various heights and with various 
spacing intervals over a dirt road about 350 feet long. It is not 
proposed at this time to enter into a discussion of these tests, but 
it may be noted that the only conclusions which they can in¬ 
dicate are those which would apply to a short stretch o 
dirt road. The modifications introduced by street pavements 
of better reflecting qualities, and by a greater length of 
illuminated street, have no part in this research. This is 
a serious limitation, because the effect of glare in street ligi - 
ing is very largely reduced by each of these factors, ihe 

two researches make available valuable information which has its 

bearing upon street lighting principles. If, however, the data are 
considered without due regard to the limitations under which 
the tests were made, there is danger of forming an exaggerated 
■idea of the importance of adopting measures which will reduce 
the effect of glare by decreasing the brightness of light sources 
to low values. Since the problem is really one of reducing 
contrast between the light source and the filuminated surfaces, 
the more constructive way of accomplishing the desired end 
is to increase the brightness of the illuminated surfaces rather 
than to dim the light sources unduly. Excessive brightness of 
light sources must of course be reduced. It is common ex¬ 
perience that a simple diffusing globe accomplishes this reason¬ 
ably well under most conditions. Too great reduction in the 
brightness of the light source is unsatisfactory psychologically. 
We like a bright light source—we are dissatisfied with illumina¬ 
tion in which a bright light source is not visible. Therefore 
the thing to do is to eliminate glare by increasing the bright¬ 
ness of the street surface, and where desirable, that of surround¬ 
ings, and by reducing the brightness of the light sources moder¬ 
ately throughout the angles at which they are viewed. 

With these considerations concerning the importance of the 
silhouette effect, specular reflection from pavements and glare 
welkin mind, we may proceed to a discussion of the variables 
of street illumination and of the several factors which the en¬ 
gineer must study in planning a street lighting installation. 

Illumination Variables 

The effectiveness of street illumination depends upon the 
following: 
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Intensity of Light upon the Street. There is no single measure 
of intensity which serves all purposes. The average horizontal 
intensity upon the street surface is most nearly satisfactory. 

Brightness of Street Surface. Adopting automobilist’s view¬ 
point as to angle and direction. 

Relation between Lamps and Street Surface. Visual angle be¬ 
tween the two, and extremes of contrast encountered. 

Contrasts Produced on the Street Surface and on Objects on the 
Street. This is largely a function of the direction of the light. 

Portion of Total Field of View Illuminated. This may be 
affected either by the number of lighted lamps within view or 
by the area of surface which is illuminated. 

Appearance of Installation and of Street by Day and by Night. 
Lamps, fixtures, light distribution, etc. 

Installation Factors 

Each of the foregoing variables upon which street lighting 
effectiveness depends is affected by four or more principal in¬ 
stallation factors. These are listed in the first column of 
T^ble I, in which the variables are given as column headings. 
The purpose in presenting this table is to emphasize the com¬ 
plexity of the street illumination problem and' to indicate the 
manner in which the several elements are interconnected. Con 
sider, for example, street surface brightness as a variable in street 
illumination. The table indicates that brightness depends 
upon the power of the lighting units, the number of lighting 
units per mile, the kind of lighting accessories employed, the 
location of lighting units, the nature of the street pavement 
and the nature of the surroundings. Alteration in any one of 
these conditions may influence the brightness of the street and 
therefore the effectiveness of the street illumination. An en¬ 
gineer who considers any one installation condition must ap¬ 
preciate that his decision may be far-reaching in its influence 
upon the effectiveness of the lighting, since every installation 
factor influences a number of these variables. Every street 
presents its own problems, and the utmost effectiveness of 
street illumination for a given expenditure is^ had when each 
factor is applied with due regard to the relations set forth in 

this table. 

In attempting to discuss these several elements of the prob¬ 
lem it is necessary to generalize, and this in spite of the fact 
that the great differences in streets of the several classes listed 
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on page 1431 makes generalization difficult. Nevertheless it 
is hoped that a general discussion of the influence of each 
factor upon the several variables will be of value, particularly 
since it is proposed to note principally those features in which 
recent experience has suggested some new consideration. 

Size op Lighting Units and Spacing Intervals 
Power of Lighting Unit. There is now a general tendency 
toward the adoption of more powerful lamps of one of the three 
types listed in Table II. These data are available through the 
courtesy of the Lamp Committee of the Association of Edison 
Illuminating Companies; in large measure they are authorita¬ 
tive for lamps of the period stated and equipped as indicated. 

Of the above illuminants the flame arc lamp and the multiple 
Mazda C lamp depreciate in candle power 20 to 25 per ceiffi 
throughout life. The magnetite lamp and the series Mazda C 
lamps do not change materially throughout life. 

Large versus Small Illuminants. The cluster of lamps em¬ 
ployed so largely in “ornamental” or “white way” lighting dur¬ 
ing the past five years has yielded favor in most recent ^installa¬ 
tions to the single illuminant or less frequently to twin illum¬ 
inants on one post. _ . 

The eflectiveness of the light, other things being equal, is 

dependent upon the choice as between many small lighting 
units and few large lighting units. In favor of the small illumi- 
nants it is urged that greater uniformity results from their 
use- that they may be mounted lower, thus avoiding shadows 
from trees, etc.; and it is added that when small illummants 
are mounted low, a larger percentage of their total flux is dis¬ 
tributed over the street surface. On the other hand, it is argued 
in favor of large illuminants that they are relatively less costly 
per mile, and that usually the appearance of a street lighted 

by them is more pleasing. 

There are two considerations not usually urged in this con¬ 
nection. The first is discussed in more detafl under the sub¬ 
ject of location of lighting units. Large illummants are favore 
from this view-point because they may be placed well out over 
the middle of the street, where the specular reflection from 
street surfaces allows the light to be applied in a more favor¬ 
able direction than that from small illummants which usually 
are mounted low over the curb. Fig. H is an excellent illus¬ 
tration of the advantageous use of large units in lighting a country 
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A—Flame Arc Lamp, Clear Globes K — Mazda with Diffusing Globe 




B—Magnetite. Reflector and 
Clear Globe 



F—Mazda with Reflector and 
Refractor 




G—Mazda, Radial Wave Reflector 

V 



D—Metallic Flame, Reflector 
and Clear Globe 



H—Mazda with Diffusing Globe 


Distribution characteristics referred to in Table II. Broken line indicates bare lamp 



TABLE II—LIGHT PRODUCING EFFICIENCIES OF MODERN STREET ILLUMINANTS. 
ASSOCIATION OF EDISON ILLUMINATING COMPANIES LAMP COMMITTEE DATA ON STREET ILLUMINANTS, 

(Arc Lamps Summer 1914— Mazda Lamps Winter 1914) 


Type 


Flame arc 


(Various makes of 
carbon) 


Description of Lamp and Equipment 


G. E. 75/10 amp. a-c. compensator, clear globes, white flame electrode 


Westg. 


Mean Initial Values 


Total 


Magnetite and 
Metallic Flame 
(Standard type—| 
not the inverted 
“ ornamental ” 
type) 


G. E. Magnetite 4 amp., standard electrode, clear globe. 


Mazda C 


4 * high efficiency electrode, clear globe 

5 “ standard electrode, clear globe. 

6 * high efficiency electrode, clear globe . 

6,6 * standard electrode, clear globe. 

6,6 “ high efficiency electrode, clear globe 


Westg. Metallic flame 4 amp,, standard electrode, clear globe .... 
“ “ “ 4 “ high efficiency electrode clear globe. 


100-watt multiole. 

200- “ 


300 * 

« > 

400 “ 

4C 

500 “ 

U 

760 “ 

a 

1000 “ 

u 

60-cp. 6 .e-amn. series. 

100- “6.6 

u a 

250- “ 6.6 

« u 

400- “6.6 


600- “ 20-amD. series compensator. 

1000- “ ‘ 

• u 


1170 

2513 

3767 

5026 

7225 

11787 

16335 

574 

1005 

2613 

4021 

6031 

10053 


Bare 

Equipped for Street Lighting Service 

Bare 

Equipped for Street Lighting 

Terminal 

Lumens 

Total 

Terminal 

Lumens 

Distribution 

Total 

Terminal 

Lumens 

Total 



watts 

per watt 

lumens*! 

watts 

per watt 

characteristic 

lumens*! 

watts 

per watt 

lumens 

watts 

per watt 



9638 

620 

18.5 

Curve A 




8908 

523 

17.0 



S557 

480 

17.8 

Curve A 




7288 

448 

16.3 



2991 

310 

9.65 

B or C 

No mate 

rial change 

ri cp. throu 

ghout trim 1 

las been obs 

erved. 



4649 

323 

14.4 

‘ B “ C 

M M 

« 


« U 

C M 

M 



5768 

390 

14.8 

“ B “ C 

M U 

s 

« « 

« « 

« M 

a 



7656 

371 

20.6 

“ B “ C 


« 


« « 

M M 

M 



8708 

511 

17.0 

“ B “ C 

« « 

« 

M m 

« u 

M M 

M 


•• 

11774 

509 

23.1 

“ B “ C 

M « 

M 

« « 


M m 

M 

■■ 

. . 

3330 

299 

11.1 

“ D 




3655 

310 

11.8 



4100 

306 

13.4 

u u 

• * 

• • 

• • 


• • 


100 

11.7 

Usual fixt 

iires and 

containers 

Curve E, F, G 

1056 

98 

10.8 




200 

12,5 

absorb from 7 to 35 per cent of 

or H 

2262 

196 

11.5 




300 

12.5 

the light given by the lamp. 

U 

3393 

294 

11.5 




400 

12.5 


H 


u 

4524 

392 

11.5 




500 

14.4 


H 


u 

6609 

490 

13.3 




750 

15.7 


U 


tf 

10618 

' 736 

14.4 




1000 

16.3 


M 


u 

14700 

980 

16.0 




44.4 

12.9 


H 


u 

574 

45.3 

12.7 




73 

13.8 


H 


M 

980 

74.6 

13.1 




183 

13.8 


U 


U 

2463 

187 

13.2 




300 

13.4 


M 


« 

3946 

306 

12.9 




321$ 

18.8$ 


* 


M 

5554 

331$ 

16.8$ 




504$ 

19.9$ 


U 



9047 

520$ 

17.4$ 



•• 


Average throughout life 


Power 

factor 


Approximate 

life 


73% 


79% 


♦Total lumens = s.c.p. X 47r 
1 lumen (L) = 0.08 s.c.p., approx. 

tyariations in average candle power have been encl^untered ranging up to 20 per cent of these values 
JIncIudmg compensator. 


130 hr. per trim 


80 


Data insufficient 
to permit assign¬ 
ment. See manu¬ 
facturers state¬ 
ment. 


Manufacturer's statement 


Data insuflicient 
to permit assign¬ 
ment. 


317 hr, per trim 


General Electric Company approves assignments of values.; reports latest lamp with compensator 
consumes 500 watts; furnishes following data for new lamp of latest type without compensator;—total 
jlumens 11,190, watts 465, lumens per watt 24. 

Westinghouse Electric & Manufacturing Company reports for 1915 lamp electrode life of 130 hours and, 
without compensator, higher efficiency as follows; lumens initial 9676; throughout life (average) 8042; termi¬ 
nal watts, initial 445, average throughout life 442; lumens per watts initial, 21.7, throughout life 8.2. 

National Carbon Company reports for flame arc lamp as a type, 16.9 lumens per watt throughout life, 
with lamp equipped with light diffusing glassware. 

G. E.Co. approves assignment of values, States electrode lives are for two sizes respectively 230 and 350 hr. 

* * * life is 180 hours. 

“ ‘ lives are for two sizes respectively 150 and 225 hr. 

* “ * lives are for two sizes respectively 125 and 160 hr. 

* ‘ * life is 110 hours, 

* * * life is 75 hours. 

states slightly higher candlepower and efficiency obtained in inverted " ornamental ’’ type of lamp, 
'Westinghouse Elec. & Mfg. Co. approves assignment of values and claims 250 to 276 hours life. 


Initial lumens per watt 
Approximate values for the summer of 1915, 


13.1 

14.3 

15.3 
15.3 . 
15.3 
16.6 

17.7 

12.6 

13.8 
16.6 
16.7 
19.9$ 
20 . 6 $ 


Approximate average life under correct 
Operating conditions. 

1000 hours, 

1000 * 

1000 * 

1000 * 

1000 “ 

1000 “ 

1000 ‘ 

1000 “ 

1000 * 

1000 • 

1000 * 

1000 « 

1000 * 


Imillar] 
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road. The lamps are placed 500 to 900 feet apart and 18 to 
25 feet high. The effect is good for automobile driving pur¬ 
poses. An example of ineffective use of small illuminants will 
occur to all who can visualize a wide, wet street with lamps 
over both curbs. The lighting of the street surface consists 
of a few bright streaks near the curbs, while the middle of the 
street is dark. Fig. 6 illustrates this effect upon a dry pave¬ 
ment. As modern street pavements are extended, and auto¬ 
mobile traffic increases, the advantages of mounting lamps well 
over the center of the street tend to increase, and the disad¬ 
vantages of small illuminants mounted low over the curbs 
•tend to become more apparent. 

The second consideration was brought out prominently last 
year by the Street Lighting Committees of the N ational Electric 
Light Association and the Association of Edison Illuminating 
Companies. It was shown that within reasonable limits, uni¬ 
directional light is to be preferred to multi-directional light 
because it enhances contrasts upon which discernment is de¬ 
pendent. Objects and surface irregularities are seen more 
surely by uni-directional light than by light coming from a 
number of directions. From this it follows that, other things 
being equal, the revealing power of a few large illuminants is 
greater than that of many small illuminants, especially if the 
latter are staggered along both curbs. 

While these considerations do not clearly indicate the de¬ 
sirability of large units, they do add weight to the arguments 
in their favor. 

Lighting Accessories 

Improved Distribution. The most desirable distribution of 
light depends largely on the nature of the street surface and on 
the character of the street. Hence there is no such thing as 
a correct distribution characteristic for all street lighting. The 
prismatic refractor is successful in providing a distribution 
characteristic which for a vertical plane conforms to the theo¬ 
retical requirements as laid down by some engineers. In other 
forms it will doubtless provide different distributions as re¬ 
quired. It is an admirable device so far as re-direction of 
light is concerned. However, it is objectionable in some forms 
because of excessive brightness, due to its small .size. Also, 
when combined with the casings with which it is usually em¬ 
ployed, its apiiearance is not attractive. Probably in the 
evolution of this useful device these objections will be overcome 
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The same considerations which underlie the design of the 
refractor, namely the desire to increase the intensities on street 
surface at a distance from the lamps, would appear to favor the 
adoption of assymetrical horizontal distributions whereby 
light which normally is delivered upon surfaces lying along the 
sides of the street, is directed upon the street surface. Light¬ 
ing accessories to accomplish this purpose have been devised 
but thus far have not received the extensive trial which their 
theoretical advantages would appear to warrant. 

Diffusing Globes. The employment of diffusing globes to 
decrease brightness of light sources in the street has become 
more general in recent years. Perhaps the extreme example 
in the way of increased size of such globes is found in the Wash¬ 
ington, D. C., installation of ornamental magnetite lamps, in 
which 28-inch built up alabaster globes of rather high density 
are employed. (See Fig. 7). As compared with the use of a 
clear globe or of a lamp with no globe, a diffusing globe of fairly 
large size is usually desirable because it improves the appear¬ 
ance of the lighting unit, renders the appearance of the street 
more pleasing and promotes good conditions of visibility. 

It is desirable to secure the best possible balance between 
low light absorption and good diffusion when selecting diffus¬ 
ing globes. Test data on these two characteristics are of im¬ 
portance and should not be neglected. Because of neglect of 
simple and inexpensive tests of commercially available glass¬ 
ware, globes are being installed which do not accomplish the 
purposes in view so well as would other glassware. These either 
absorb a larger percentage of light than is necessary to secure 
the desired degree of diffusion, or else diffuse less well than need 
be, considering the amount of absorption. 

Protection for the Eyes. At first glance it would appear that 
street lighting purposes would be served admirably by a light¬ 
ing accessory which would concentrate a large' proportion of 
the light'flux upon the street surface while directing but little 
light at those angles which fall near the center of a field of 
vision in a given installation. However, certain difficulties 
operate against the success of such a scheme. With practic¬ 
able mounting heights, spacings have to be short if this is to be 
successful in illuminating the entire length of the street. The 
general direction of the light in such an installation is much 
more largely downward than is .usually the case. Wherever 
there are sufficiently short interval spacings to allow of such 
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Fig. 7—Magnetite Lamps in 28 inch Globes as Used in Wash¬ 
ington, D.C. 












19151 


MILLAR: ILLUMINATION OF STREETS 


1445 


an installation, there usually exists a requirement for lighting 
the building fronts. In such installations the relatively high 
intensities on the street surface, together with the large areas 
of considerable brightness which present themselves to view, 
render the glare negligible when ordinary diffusing globes are 
used. That is to say, in the only installations 'where it is prac¬ 
ticable to use such devices, their eccentric distribution char¬ 
acteristics are unnecessary. Where the surroundings are such 
that the lighting of building fronts is undesirable or unneces¬ 
sary, spacings are usually too great to admit of the use of such 
devices, because their illuminating range is too small. Also 
considerations of street surface characteristics, discussed else¬ 
where, suggest that suppression of light at say 80 deg. may do 
more harm by lessening the pavement brightness than can be 
compensated by decreased brightness of source. 


Location of Lighting Units 


Comprehended under this heading fall such subjects as 
height, transverse location and spacing. In most city installa¬ 
tions these aspects are standardized for a particular street. 
In lighting of interurban roadways, lamps are sometimes located 
in accordance with best judgment, varying considerably in all 


these particulars. 

Location Transverse of Street. As between center and curb 
locations there is a considerable difference. In the first place 
with lamps located over each curb, the street appears muc 
wider, as is illustrated by a comparison of Figs. 8 and 9, whidi 
are alternate test installations of the N. E. L. A. and A. E. . 


Street Lighting Committees. , 

In the lighting of important city streets this is usually ^ 

sirable conLon. The tops mounted over the cmbs 1— 
iUuminate the sidewalks and the fronts of tto g 
(See Figs. 16 and 19). When, however, the lighting of th 
roadway becomes of first importance, as in streets oj. 

Zss tL best use may be made of the light by locating the 

SSs as nearly as practicable the roadway -^ Wtake 

full advantage of all specular reflection from the street surface. 

\n regard to heights of tops tf 

difference “ 

to“ovefthe curbs'^on business streets. These, 
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however, are backed by light-colored buildings and the entire 
surroundings are so brightly lighted that the glare is not bad. 
With lamps over the middle of the street the background is 
usually the dark sky, and usually there are not light-colored 
buildings to relieve the general darkness. Under these con¬ 
ditions the opportunity for glare to become serious is con¬ 
siderable and it is therefore necessary to locate the lamps rather 
high. The improvement realized in increasing the height of 
lamps of moderate power from 18 to 20 feet is considerable, 
while the imjjrovement in increasing the height from say 27 
to 30 feet is not very great. The curve of glare falls off rapidly 
with increasing separation when ,sthe separation between the 
light source and the observed surface is only a few degrees. 
Around a lamp which has a dark background there is a zone 
of halation within which objects tend to become invisible. 
Once outside this zone, the glare effect falls off less rapidly. 
It is very important to mount the lamps high enough to insure 
that the separation from the street surface is at least sufficient 
to avoid this zone of serious glare. 

Power of Unit as Related to Glare. Other things being equal, 
the objectionable effects of glare are greater when the light¬ 
ing units are more powerful. Hence it is approved practise 
to mount the 'more powerful units higher than less powerful units. 

■ Such a lack of separation is responsible for the serious glare 
illustrated in Fig. 10. An arc lamp is located over the inside 
of a curve in a road obscuring the roadway beyond. The angle 
of separation between lamp and roadway is about 3 degrees. 
Fig. 11 shows the same road but with a lamp located over the 
outside of the curve and separated from the distant roadway 
by about 20 degrees when viewed as in driving. It must be 
recognized that a bright light source obscures its immediate 
background. This obscuration is greater if the light source is 
brighter or more powerful, and is less if the background is 
brighter. In country roads or park drive lighting such obscuration 
is often very serious. The illustrations in Figs. 10 and 11 
indicate one good way of overcoming this difficulty. Recog¬ 
nizing the truth that under such conditions the bright light 
sources will obscure a certain region of the field of view, the 
source is so located that the background which it obscures 
is one which it is not important to see and that the surface 
which it is desired to see is sufficiently separated from the 
glaring light source to avoid difficulty. 
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Figs. 8 and 9—Center versus Curb Mounting in the Same Street 
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Fig. 12—Adjustable Temporary Installation Employed in New 
' York City to Determine Best Location for Lamps 
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Fig. 10—View of Country Automobile Road. Lamp Wrongly 
Located on Inside of Curve. Glare Obscures View of Road Beyond 



View of Same Road Shown in Figure 10 Lamp on Side 
OF Curve Replaced by Lamp in the Left of View Ci-iANcro? LbcA 
TioN Enables Roadway to be Seen. Note Specot.ar ?e?[ec?ton 
from Roadway to Lamps POO and 1000 Feet Away. ExcellfS? 
Conditions for Driving with Large Illuminants f Magnetite Arc 
Lamps with Refractors) Widely Spaced 
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Fig. 13— Carlisle, Pa. 600-cp. Mazda C Lamps in Prismatic Re¬ 
fractor Units, Spacing 250 to 500 ft., Height IS to 22 ft. 

Photograph by courtesy Edison Lamp Works. 



Fig. 14—Fourteenth Street, Washington, D.C. 100-cp. Mazda 
C Lamps about 10 ft. Above Curbs, Spaced at Intervals of 80 ft. 

Along Each Curb [millar] 

Photograph by courtesy W. C. Allen, Electrical Engineer, District of Columbia. 
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Fig. is—Main Street, Rochester. 
6.6-ampereMagnetiteLamps. Located 
14J FT. Above Curb and Spaced at 
100-FT. Intervals Along Each Curb 

Photograph by courtesy Rochester Railway 
and Light Company. 
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Fig. 15 —Lake Avenue, Rochester. 
600-watt Mazda C Lamps, Mounted 
17^ ft. Above Curb, Spaced at Aver¬ 
age Intervals of 225 ft. 

Photograph by courtesy Rochester Railway 
and Light Company. 
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F,G. 16-F.fth avenue new 

™ Exvee Lemps et Ceoss 

10 FT. INTEEVA g.„,EET INTERSECTIONS 

Ph„i„™h by coatteay Tta Ne. York Ed,son Company 



[G. 17—Federal Street, ‘ 94 ft. Above Curb 

PS White Light Carbons. Lamps Mounted -4 
Ipaced at Average Intervals of 69 et. 















plate LXXXIl. 

A. I. E. E. 

VOL. XXXIV, 191'5 



Pig. 19—Pennsylvania Avenue, Washington, D.C. 6.6-Ampere 
Magnetite Lamps as Illustrated in Fig. 7. Mounted 15 ft. Above 

Curb, Spaced at 50 ft. Intervals Along Both Curbs [millarI 







Fig. 20 —Fifth Avenue, Pittsburgh. 6.6-Ampere Magnetite 
Lamps, Mounted 18 ft. Above the Curb, Spaced at Approximately 
80 FT. Intervals Along Each Curb [millar] 
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Spacing. All features of an installation should be treated 
in such a way as to avoid dark areas between lamps, coupled 
with low mountings for very bright and powerful lamps. o 
avoid ineffective results due to multi-directional light whick 
reduces contrasts, spacings need to be greater when the lamps 
are staggered along both curbs than when they form a line 
along one side or over the middle of the street. The best 
spacing would appear to be contingent upon the kind of Pave¬ 
ment employed and the nature of the surroundings. All the 
other factors should be so handled that in dnving, one will 
not encounter the bad condition of a bnght light source pre¬ 
venting an adequate view of the surface of the street beyond it. 

Fig. 12 illustrates the very excellent practise which is sorne- 
times followed in the city of New York, in locating lainps or 
street lighting. Lamps which are temporanly installed may¬ 
be raised and lowered; those mounted from the mast '“p 
may be placed nearer to or farther from the ouib and those 
in the center parkways may be moved about at will, the posts 
being mounted in rock-ballasted barrels. A crew of men 
locate the lamps in the trial installation as directed by the 
engineers in charge and the locations which appear to give the 
best illuminating effects are arrived at. Photometnc tests sue 
then made to show the results obtained and to afford a basis 
for the planning of other installations. 

Theoretical Considerations which have not been 

Demonstrated 

Color. In street illumination where intensities are low,^ it 
is believed by some engineers that white light is more effective 

than yellow light. According to this view, objects are reveale 

with greater definition; smaller contrasts may be perceived, 
and there is less suggestion of haziness in the atmosphere when 
white Ught is employed. In accordance with ^ ^ 
effect there would appear to be some basis for this theory 
since it is well known that at intensities of 1*e orfer of 0.01 
foot-candles, we see almost exclusively by rod vision and the 
maximum of the ocular luminosity curve is removed toward 
the blue end of the spectrum. Whether or not thisn eo 
present in street lighting is one of the interestmg subjects of 

Speculation at the present time. , c 

Whether or not white light possesses advantage for 
tensity street lighting due to ocular peculiarities, it is certain 
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that it is preferred by many for high-class street lighting on 
the ground that it is more suitable, pleasing and dignified than 
is yellow light. This is perhaps a matter of color association 
and is surely a matter of taste. It therefore hardly finds place 
in a discussion of this kind, and is merely mentioned in passing. 

“ Animation’^ of Light Source. It has been suggested that 
the slight fluctuation of light which characterizes arc lamps 
possesses some advantage for street lighting purposes over 
the steady glow of the incandescent lamp. So far as the writer 
knows, no demonstrations have been undertaken, and it has 
not been shown that this speculation has any basis in fact. 

General Status of the Problem of Street Illumination 

There is an important consideration suggested in the first 
paragraph of this paper. As more money is expended on 
street lighting and as more efficient lamps are made available, 
the intensities of light in streets become greater. As the in¬ 
tensities increase, the requirements for the best possible appli¬ 
cation of light to promote good visibility conditions become less 
severe and the requirements for application which improve 
the appearance of the street become more urgent. From the 
standpoint of rendering visible the street and objects upon it, 
the lighting of suburban automobile roads where but little money 
is available for installation and operation offers the best test 
for the engineer’s skill. In first-class streets we have already 
progressed to the point where esthetics assume large impor¬ 
tance. This does not mean, however, that the problems of 
street lighting are becoming less difficult; it means simply that 
the problems are becoming more involved, and broader com¬ 
prehension of the fundamental principles of street illumination 
is becoming more essential. 

Appendix. In the appendix will be found some statistics 
of very recent installations in streets of several classes, show¬ 
ing practise in this country as of the early part of 1915. These 
are accompanied by a few illustrations. 

Acknowledgment. The author wishes to express his indebted¬ 
ness to a number of gentlemen who have kindly supplied some 
of the photographs for illustrations and the statistics which are 
utilized in this paper, and who are too numerous to permit 
of individual mention in this connection. 



APPENDIX 



Description of Street 

i Installation 




City and Street 

Width of 
roadway 
in feet 

Kind of buildings 

No. of 

lighting units 

Linear spacing 
if feet 

along one curb 

Height 
in feet 

Location 

—■—-—-- 

Kind of mount 

Lamps 

Accessories 

Building 

fronts 

lighted? 

Pittsburgh, Pa. 

Fifth Avenue. 

36 

Business structures 

60 

Approx.80 

! 

18 ! 

j 

Both curbs—opposite 

Brackets on trolley 
poles 

6.6-amp. d-c. ornamental 
luminous arc. 

Medium alabaster 
globes 

Yes, 

Pittsburgh, Pa. 
Federal Street., .. 

47 

1 

i 

! 

90 

69 

24 

1 

Both curbs—staggered 

Ornamental posts 

a-c. series flame arc. white 
electrodes 

,Alba globes 


Chicago, Illinois 
Dearborn Street.. 

42 

Business structures 

102 

94 

25 

Both curbs—staggered 

Ornamental posts 

a.-c. series flame arc lamps 

Alba globes 

Yes. 

Rochester, N. Y. 
Main Street. 

80 

Business structures 

222 

100 

14 ft. 6 in. 

Both curbs—opposite, 
main section—staggered 
outside. 

Ornamental posts 

6.6-amp. inverted magne¬ 
tite. 

Alabaster globes 

! 


Hartford, Conn. 
Main Street. 

90. ft bet. 
bldg, lines 

Business structures 

Approx.82 
(twin lamp) 

112 

14 

Both curbs—staggered 

Twin lamp orna¬ 
mental posts 

600-cp. Mazda C. 

Novulux, Form 1. 


Washington, D. C. 
Pennsylvania Av. 

, 

109 

All kinds 

123 

100 

15 

Both curbs—staggered 

Ornamental posts 

6.6-amp. inverted mange- 
tite—stand, elect. 

23-inch segmented 
Alabaster globe 
—dense upper, me¬ 
dium lower hemi¬ 
sphere. 

Well 

New York, N. Y. 
Fifth Avenue. 

(25 to 58 Sts.) 

60 

Business structures 

200 (2 per post) 

100 

19 

Both curbs—staggered 

Twin lamp orna¬ 
mental posts 

120-volt, 400-watt multiple 
Mazda C. 

Light Carrara globes 

Yes. 

Corning, N. Y. 
Market Street 


Business structures 


100 

13 ft, 6 in. 

Both curbs—opposite 

Ornamental posts 

400-cp., 15-amp. Mazda C. 

C. R, I. globe and 
translucent glass 
reflectors 


Rochester, N. Y. 
Lake Avenue. 

50 

Residences 

56 

400 

17 ft. 6 in. 

Both curbs—staggered 

Ornamental posts 

1000-cp. Mazda C. 

Alabaster globes 


Milwaukee, Wis. 
Grand Avenue. 

92 

Business structures 


92 

19 ft. 10 in. 

Both curbs—opposite 

Bracket on trolley 
pole 

4.0-amp d-c. series orna¬ 
mental luminous arc— 
long life electrodes 

Light alabaster 
globes 

Yes. 

New York, N. Y. 
Seventh Ave. 

(110 to 136 Sts.) 

80 

Apartment build¬ 
ings 

79 

105 

22 

In center of block (on 
center isle) On curb of 
intersecting streets at 
house line of cross street 
intersection 

Ornamental posts 

120-volt, 400-watt multi- 
tiple Mazda C. 

Special ventilated 
unit—light Carrara 
globe. 


Chicago, Illinois 

Troy Street. 

36 

Residences 


220 

22 

East curb only 

Ornamental posts 

600-cp. Mazda C. 

Alba globes 

No. 

Washington, D. C. 
Sixteenth Street. 

60 ft. 

(160 ft. bet 
bldg, lines). 

Residences 

246 

120 

10 ft. 3 in. 

Both curbs—staggered 


5.5-amp. series Mazda C, 
approx. 76 watts 

16-inch Alba globes 
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Discussion on “The Effective Illumination of Streets ” 
(Millar), Deer Park, Md., June 30, 1915. 

G. H. Stickney: There is more difference of opinion as to 
what is the best practise in street lighting than in any other class 
of lighting problems. This is due in part to the efforts to classify 
a wide variety of demands into one or two groups of practise, at 
the same time putting the extreme emphasis on the cost. 
the disagreement originates with the ultimate lighting effects 
the lack of agreement as to the methods of producing such effects 
is not surprising. 

The careful analysis presented in Mr. Millar s paper, while 
not furnishing a solution of the problems, is an important aid 
in that direction, through clearly defining some of the funda¬ 
mental facts which have not been generally recognized.^ _ 

One of the most important divergences in practise is that 
between the large and small, or the high power and low power 
lighting units. There seems to be little doubt but that the larger 
units are generally better for high intensity lighting, and the 
smaller units more economical for low intensity lighting. The 
majority of our street lighting problemshowever, fall in a class 
of intermediate intensities, where there is considerable question 
as to which size of unit will give the best effect for the least cost. 
Good lighting can be produced from either. The latest tendency 
seems to be to follow the logical practise of applying units of 
intermediate power. 

We often note the tendency to measure the value ot street 
lighting units in terms of their efficiencies. Although, all else 
being equal, this would be a fair measure, practically, there are 
other considerations, such as maintenance cost, adaptability, 
convenience, appearance, steadiness, etc., which often outweigh 
a considerable difference in efficiency. This has been illustrated 
in the transition from the open arc to the enclosed arc, and also 
in the remarkable spread in the incandescent cluster light, which 
despite its notorious inefficiency enjoyed an almost unprec^ 
dented popularity. This cluster lighting was never viewed with 
high favor by engineers, and while it is now giving way to more 
economical and artistic single light posts its former popularity 
should be recorded as the vote of the public in favor of more 
ornamental street lighting. 

Referring again to the efficiency question, it must be remem¬ 
bered that today the item of electric current consumption used 
represents only about 20 or 25 per cent of the cost of street 
lighting service, so that even large gains in efficiency represent 
relatively small saving. Such gains can, therefore, usually 
be more profitably taken up in raising the standard of lighting. 

The practise of oiling the road and street surface has had a 
very important relation to street lighting practise. Due to 
the blackening of the surface, streets which were formerly quite 
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satisfactorily lighted become dull J°°'“5^obiSt'in 

the glint effect of such streets mucMight that 

discerning objects, the black sur - ^ cheerful lighting 

it is very difficult to produce a pleasing and ht 

effect and much more Ught is be elpeffied 

colored pavements such as ^^Xairoevs be selected to facilitate 
that the color of pavements will J which it would be 

cifreet lighting but there are many cases m wnicn n wu 

desirabk to consider the street lighting in of 

o«^s t^otcTbn^f 

bTM? MX?“nd or-thors before t>^e 

knXr 

Xtm'rSrtain features of this 

verv much and of which I will speak. g i -t-srith street 

Io7h?dange of attitude «£ “XTom heXXedtX^X^ 
lighting, which has turned p® myself I want to express 

ssra.=) ~ 

teta^ofapSticuUrm^^^^^^^ 

place of consideration of the ^, 0 ^ turning 

Fortunately electrical engineers and others are n h 

fhX attention to more satisfactory X“fv from the s“nd- 
satisfactory when judged broadly, and nm y or 

Doint of how many hours a particular 1 | Y c+ructure 

hSw much labor may be requisite “Xo'be mhed 

On the Other hand, I believe we are likely to be misiea oy nm 

Si^fXs'Xnmrt pllse^d^wX ?he white light tb^^^^^ 

SStile^ andXVdXr^irMaSatrpsXf Cge eaSdle 
p!X ver? satlsfamorily. but a white light is to 

light however, probably serves the purpose with full satistactio 
in the residence and also perhaps in less occupied business streets 
In mv opMot the question of large versus small units wi 
work itself out. I am convinced that the large units 
to be used for the important streets of a city. The ^ ® ^ ^ 
cities m “t. like the foreign cities, become convinced that Uny 

need floods of Ulumination “ 'elsewhere, 

activity, although they do not need so be used. 

To secure real flood illumination, large lamp u 
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There are few objects more graceful and beautiful than a jjair 
of fine white lights on a graceful post, when these lights 
are properly protected by a fairly large white diffusing 
globe—the globe being large enough so that any spot in 
the tremendous amount of light that may be given off 
may not have any serious effect on the ey^e. On the other 
hand, there are cases where sincere effort has been made 
to get rid of glare according to the mistaken ideas of 
some man who put up the system, in which rows of large intense 
lights, with diffusing globes, placed 22 or 24 feet high, 150 to 250 
feet apart, down miles of road make a nightmare to travelers on 
account of the physiological effect of the continuous rows of illum- 
inants on each side, which affect the eye wuth great discomfort. 

One of the most pleasing results of the recent work of illumina¬ 
ting engineers in this country is the attention whichisbeingturned 
towards the use of graceful lamp posts in the cities. I here 
avoid the use of the words “ decorative posts,” because the 
phrase ” decorative lighting ” has covered such a multitude of 
sins by way of ugliness during the last few years. Graceful 
posts are coming into style. The old mounting of an arc lamp, 
or some other lamp, on a strip of iron, fastened by a lag screw 
to a crooked wooden pole, which otherwise carried crossarms 
and wires, was a poor sort of expedient for supporting the street 
lights, and if our cities can recognize the worth of, and spend the 
mofiey necessary to secure graceful posts, I am sure _ that they 
will be improved and made happier as places for living. 

H. L. Wallau: In the last illustration, which is very interest¬ 
ing, we got two points of view, the wrong and the right. We 
saw the effect of the lamp placed on the wrong spot, and also 
saw the effect of the lamp placed on the right spot, but the impres¬ 
sion one got was intensified by the fact that the silhouette effect 
aided the last demonstration; in other words, I am sorry we could 
not have had three steps, one with the light as originally shown, 
the second step with the light on the outside of the curve, but 
in the same direction crosswise to the road, so that the automobile 
would still have been behind the light. There must be positions 
on that curve when the oncoming machine would be back of 
the light, although the light would be on the far side of the curve. 
The general effect could then be better judged, if we had the 
two positions to guide us in forming our opinion._ 

Walter R. Moulton: Referring to the discerning of surface 
irregularities in streets, I have in mind one interesting example 
in Baltimore where a water-front street about 100 ft. wide is 
paved with Belgian block and is lighted by means of luminous 
magnetite arcs on standards located on safety islands down the 
center of the street. The rough spots in the street are brought 
out very distinctly by the shadows cast and also by the increased 
intensity of illumination, on the face presented to the source of 
light. Because of the nature of the paving, one would hardly 
expect to find surface reflection, but objects do stand out in 
silhouette as the granite blocks are worn quite smooth and there 
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seems to be reflection from each individual block. The condi¬ 
tions of this street also illustrate very forcibly the advantage of 
lights on one side of the roadway only as this condition is quite 
analagous to such a road. 

The effect of street paving on the illumination of a street was 
very plainly shown when the paving on both Howard and Eutaw 
Streets in Baltimore was changed from Belgian block to sheet 
asphalt. The location of luminous arc lamps was not changed, 
but after the completion of the asphalt paving the lighting condi¬ 
tion of the street seemed to be greatly improved. Another in¬ 
teresting effect of street surface is found on the Fallsway, which 
is a new concrete structure. The entire surface of the road, the 
sidewalks and a three-foot wall on either side are of concrete 
and lighted by means of luminous magnetite arc lamps similar 
to the downtown business streets. This roadway has been in 
use about nine months and at the present time has absolutely 
no specular reflection from its surface. The surface of the street, 
however, seems very well illuminated and the diffuse reflection 
from the light-colored surface seems to replace specular reflection 
very well in improving the apparent illumination of a street. 

Specular reflection from the surface illumination is important 
in other outdoor lighting than street illumination. There is a 
large municipal bathing pool in Baltimore, covering over two 
acres, which is used at night as well as in the daytime. A number 
of incandescent lamp standards are located around the pool 
and also on platforms and pedestals in the center of the pool 
itself. The general illumination is very good, but ability to see 
objects on the surface of the water is entirely due to the specular 
reflection of the lights on the surface. 

The excessive brightness of a prismatic refractor unit combined 
with a high candle power lamp is forcibly illustrated by the diffi¬ 
culty experienced in attempting to photograph such installations. 
Would this-not indicate that such units are brilliant enough to 
interfere considerably with Ausion and would it not also seem 
to point out that their size should be increased? 

The commercial value of lavish application of street lighting 
in the downtown section is well illustrated in Baltimore where 
over 1000 luminous magnetite arc “white-way” lamps have been 
installed. At night the business section of the city is made 
very prominent, it shows up quite strongly from the hilly sec¬ 
tions surrounding the city and especially so from the bay. The 
illumination in the sky from a distance is qmte strong and the 
tall buildings stand out quite prominently against the sky, as the 
entire face of the building is illuminated. 

This latter feature of lighting the building fronts is one that 
should not be overlooked. The civic buildings, namely the Court 
House, Post-office and City Hall, are located on three consecutive 
blocks with wide streets on either side and a plaza on each end and 
between each bmlding. There are several well-designed office 
buildings facing the civic buildings. The generous use of white¬ 
way lamps in this section makes these buildings quite prominent, 
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especially as they are of light-colored stone, the Court House 
being of white marble. This section is made really more at¬ 
tractive at night than it is in the daytime. 

The esthetic effect of lighting standards or posts throughout 
the city is quite important. If possible one typical design should 
be carried out. In Baltimore a special design standard was 
developed for use with the luminous arc white-way lamps. 
This same design has been later carried into the residence sections 
for use with the incandescent lamps and round globes and it has 
also been carried into the parks. There is a great number 
of bridges in and around the city and this same design standard 
has been scaled down and is to be found along the side wall of 
bridges. Thus there is a harmonious effect produced that is 
very pleasing. A contrast, however, has been made in Roland 
Park, an exclusive suburban section, where a special design 
corner post has been developed, supporting a rustic lantern and 
also supporting name plates for each street. 

The beauty spots of a city can be made prominent and their 
artistic value greatly enhanced by good street lighting. This is 
especially true of the small squares and parks to be found in any 
large city. The bright street lighting surrounding the small 
park serves as a background against which the dark foliage of the 
trees shows up very strongly in silhouette. Often a dainty 
lace-like effect is obtained. The lights in the small park itself 
serve very well to bring out the beauty of well-formed trees or 
banks of shrubbery. The variations of light and shade are such 
as to make the park of untiring interest. 

H. H. Magdsick: Mr. Millar has shown clearly what factors 
determine the effectiveness of the illumination in streets with 
characteristics typical of our main thoroughfares. For such 
streets, where the requirements of the driver of a vehicle form 
the major consideration, the importance of these factors can 
scarcely be over-emphasized. The discussion would not appear 
to apply with equal force to most residence districts, which con¬ 
tain a large proportion of the total mileage of streets we have to 
light, where the safety and convenience of the pedestrian are 
primary. In serving these the incident light is of far greater 
importance than in the other class of streets, and the silhouette 
effect, specular reflection from street surface, etc., are of lesser 
value. With the funds now available for street lighting in some 
cities a sufficiently high intensity can be provided at all points 
on the street to meet these requirements satisfactorily when 
modern equipment is employed. . 

It is pointed out in the paper that a bright light source inter¬ 
feres with vision most when the angle of separation between the 
light source and the surface viewed is small. This effect is to 
some extent decreased by mounting the unit at a greater height; 
but considerations of cost, inefficiency and possible obstruction 
of light, limit this method. It is not generally recognized that 
much the same result can be secured by the use of prismatic 
refractor equipment so installed as to direct the maximum c.p. 
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at an angle of, 70 deg. from the vertical, with a considerably 
reduced intensity at the higher angles, which are viewed when 
the angle of separation from the illuminated surface is small. 
The use of this equipment likewise increases the brightness of 
the street surface. A sufficient intensity is still emitted at the 
higher angles to satisfy the desire for some brightness in the il- 
luminant and to aid vision when specularly reflected, however, 
it should be borne in mind that only certain classes of street 
surfaces reflect specularly to any considerable extent. A study 
of the streets in many large and small cities has shown that this 
is a negligible factor in the illumination of a large proportion of 
the total. 

In Table II the average life of series Mazda C lamps under 
correct operating conditions is given as 1000 hours. It may be 
noted that while the manufacturers have made guarantees on 
this basis to cover a large range of street lighting circuits and 
operating conditions, the actual performance in service as re¬ 
ported in the technical press and at a convention of electrical 
associations shows that the manufacturers’ rated life of 1350 is 
conservative. 

W. H. Pratt: There is an observation which I have made, and 
which has rather been thrust upon me in reference to street 
lighting, which I would like to offer for what it is worth. There 
is a strip of boulevard, some four or five miles long, over which I 
frequently drive in the evening, and it is illuminated so that it 
works satisfactorily, so far as the visibility of objects on the road 
is concerned. The sources of illumination are moderate sized 
units, spaced very regularly. I find that when somewhat tired, 
especially with driving over this road, there is a veiq^ painful 
effect, due apparently to the very regular passage of sources of 
light before the eyes. I wonder if this might not be a factor 
at times to be considered in determining whether large or small 
units shall be used. The effect is very noticeable and some¬ 
times is really extremely painful. I can easily understand how 
under the circumstances a driver might be led to make serious 
mistakes from that cause. It has a somewhat hypnotic effect, 
definitely associated with the very regular passage at rather fre¬ 
quent intervals of the light sources through the field of vision. 

John B. Whitehead: We have been shown in very convincing 
and beautiful fashion the importance of specular reflection and 
the value of a highly reflecting surface in streets and roadways. 
I notice in all the pictures and in the model that the light sources 
are still visible, although in many cases the intrinsic brilliancy 
is reduced by diffusing globes. Nevertheless, the lamps are 
conspicuous, and I have yet to see a globe which does not in 
some measure give the disagreeable impressions generally^ as¬ 
sociated with glare. I remember also that when Mr. Millar 
showed us a lantern .slide in which an attempt was made to 
illuminate a road with concealed sources, the slide indicated that 
the result was an extremely poor one and not to be compared 
with that which had been obtained by these methods which he 
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endorses. The question arises, as to whether the distribution 
curves of various reflectors which conceal the source completely 
have been studied in their relation to the angle of incidence of 
tne light upon the road surface. In other words, would it not 
be possible to get a considerable amount of scattered reflection 
at high angles of incidence? 

Peter Junkersfeldn Most of our discussion this evening has 
been on the illumination of streets, largely from the viewpoint of 
me pedestrian on the street, or the people using automobiles on 
tne street, or the general illumination of the street. There is 
one other party whose interest should be con.sidered, and that is 
tne resident along the street, and particularly the resident whose 
nome IS opposite §ome of these high candle power lamps. I have in 
mind an installation of 3000 or 4000, 600-c.p. type C Mazda lamps 
m Uiicago, installed under the direction of Mr. Ray Palmer. That 
system of lamps was invStalled on tubular iron poles, using tubular 
iron pedes also between the poles supporting the arc lamps, and 
tne lighting is very satisfactory from the standpoint of street 
Illumination. A great many complaints, however, have arisen 
from residents on_the street. These high c.p. lamps shine into 
tne second and third story, windows, particularly in the summer 
time, when people do not want their shades down, but want them 
part way up, so that they can get as much air as ]:)ossible, and it 
IS quite objectionable from their standpoint. Many complaints 
nave come in and in some places the residents along the street 
nave taken matters into their own hands and painted the sides 
ot the globes. It finally resulted in the passage of an ordinance 
under which a.ny resident along the street may have a special 
Slade put on the lamp by paying $2 per lamji and $1 per year 
in adimnce for the maintenance of the shade. It probably is 
not suthcient to cover the cost, but serves as a deterrent against 
unnece.ssary shading. The lamps are mounted on poles, 26 ft 
above the surface of the street. 

In other sections of the city where wires are put underground 
by common consent the small unit lamps on low ])oles, 10 or 12 
■. high have been installed, and that system., from the point of 
view of the residents, is very much more satisfactory and at 
the same time gives very good street illumination. 

i would add.a word to what Mr. Stickney said and poasiblv 
cil.,o to what Prof. Jackson said, and that is, after all, this whole 
matter of street ligditmg must be a matter of compromise. There 
are many other things which are to be considered besides illumina- 

of lamps improves the illumination in many 
nt+oii means, however, considerable increase in cost in 

Kq anon, whether the wires are overhead or underground, 
because the wires must cross back and forth across the street, 

two^ines- of poles. There are a 

c* 1 other factors^ of that kind that must be taken into 

consideration in every individual system. 
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Allen T. Baldwin: In the author’s paper, in the paragraph 
entitled “ Power of Lighting Units,” reference is made to the 
depreciation in c.p. of the flame arc and multiple Mazda lamps. 

A depreciation of 20 per cent to 25 per cent is claimed for each 
unit mentioned. Insofar as the enclosed type of flame arc lamp 
is concerned, we have found at our laboratories that 15 per cent 
to 20 per cent is the average depreciation when measured as the 
part of the total light flux that is lost through absorption by 
dirty glassware. For white flame carbon the lower value is 
nearer the true average. 

The light absorption arises from two causes—the etching of 
the globe and the adherence to the globe of deposits from the 
arc. The loss of light as tha result of etching is the smaller loss 
of the two. It will probably not exceed 5 per cent to 10 per cent, 
and a test recently completed on a globe that had been in service 
over 700 hours showed that it was capable of transmitting 96 
per cent of the light transmitted by such globes. The test was 
made in such a way that this loss was that known to be due to 
etching alone. Studies have shown that the etching and deposits 
are least in that part of the globe where it is desirable to have the 
best light transmission. At the end of the trim life the loss at 
80 degrees from the vertical is approximately 5 per cent, while 
at 10 degrees from the vertical the loss approaches 40 per cent 
or more. 

A comparison of the distribution curves of the lamp _ at the 
beginning and end of the life will show that the distribution has 
been changed in a beneficial way. The deposit in the bottom of 
the globe acts as a reflecting surface and extends the values along 
the horizontal at the expense of the light directly along the 
vertical. These facts point out that the c.p. depreciation is best 
determined as the loss of total light flux rather than that in an^?’ 
given direction. In reality the increase in efficiency of the lamps 
gained by eliminating globe etching and deposit would hardly 
be enough to warrant more than passing attention. 

In connection with this subject it is interesting to note that it 
seems to be an inherent tendency of white flame carbons to ^ve 
an increase in c.p. as they are consumed, but not to a sufficient 
extent to counteract the losses just referred to. 

L. D. Nordstrum: The point Mr. Jackson brought up in re¬ 
gard to the difference in illumination which might come about 
when different types of lamps were used, I have had brought to 
my attention several times in the fact that we have two different 
installations in Fort Wayne, practically a duplicate form^ of 
installation, outside of the light sources used. The old lighting 
system used the usual type of single unit placed on street corners, 
usually in the center of the street. Some two miles of the rnain 
streets were changed over to what we called ornamental lighting. 
The poles were placed on the curbs on each side of the street and 
staggered. They carried a double crossarm with a lamp on each 
end and a fifth lamp in the center of the pole, with 100-watt 
Mazda lamps in each globe. This had been installed about a 
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year, and then for about the same distance a new 
ing was carried out, the same method of pole installation, the 
p'oles about the same height, in which we used 4-ampere magnetite 
lamps. I think that everybody is agreed that the magnetite 
installation gives much better illumination. Something like 
seven or eight months ago we had in the evening a v^y ense 
fog. These two installations happen to be ® same 

street, so that they could be compared, and in this dense fog t e 
Mazda light seemed to be entirely blot^d out. You could see 
the Mazda lamps about a block away. _ Going down that portion 
of the street where we had the magnetite installation you co 
see the magnetite lamps strung out along the street a fairly good 
distance away, for several blocks, a,t least, whereas wi 
partially yellow light im the Mazda lamps the illumination was 
not nearly so effective. 

C. E. Stephens ■ (communicated after adjournment): ihe 
appiication of electrical energy in the production of street il¬ 
lumination, to my mind, is one of the 

for consideration by scientific associations. More than any other 
piece of electrical apparatus, the street lamp is in the public ey. 
Its importance is not due to the value, of this character of load 
as a market for electrical energy, but to the good or bad indirect 
effect on the electrical industry, resulting from whether our street 

lighting installations are good or bad. ^ 

Referring to possible improvements in street lighting, it seems 
to me that greater improvements can be expected m the im¬ 
mediate future, from a more scientific application of available 
light sources, rather than from 
efficiency of available light sources. 

light production is extremely low, the power cost is also relative y 
low when compared to the capital charges for interest and depre¬ 
ciation on the fixtures, transmission, etc., and 
that must be included. A further improvement in efficiency ^ 
source of light would have to be very great in order materially to 
reduce the present cost of lighting. It is, therefore a fitting time 
to analyze carefully the application of the source and to secure the 
most illumination possible from a given flux or votoe of light 

Let us hope that such investigations as aie at present be ng 
carried on by the electrical industry can be continued, to the end 
that a standard of street illumination will be set which will 
secure ample visual discrimination, with comfort, and a mental 
actirity. n^essary for safety; and further, that the time mil soon 

come when the doctors will agree. r, ■ j 

Preston S. Millar: Professor Jackson has emphasized the 
nossibilities of further intensive study and development in the 
illumination field. His point appears to be well taken. Those 
who have visited the Exposition at San Francisco have derived 
a great deal of inspiration in this connection. . 

Renlying to the question regarding the measurement of 
effSe brightness, it should be stated that the measurements 
were made about five years ago and were rather crude. After 
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a few trials, we determined the usual angle of an automobilist’s 
view of the street surface, arriving, if my recollection is correct, 
at two degrees as a typical angle. With a photometer we then 
measured the brightness of arbitrarily selected patches of street 
surface at such angle. 

Due to the great increase in automobile traffic during these 
past five years and to the more general adoption of modern 
pavements, the departure of the brightness curve from the curve 
of incident light is probably now greater than was found to be 
typical five years ago. 

Mr. Moulton has shown that the prismatic refractors employed 
in Baltimore are so bright as to spoil the photographic effect 
by reason of excessive halations. It would appear to be proper 
to ask if these refractors are not also' so bright as to spoil the 
illuminating effect. In one of the views which he has shown 
there is an illustration of the lighting of a public building by 
magnetite lamps along the curb. It is to be observed that the 
lower stories of the building were lighted nicely, but the upper 
stories were not well lighted. If these lamps could be moved 
across the street from the building, securing a greater distance 
and a better angle of incident light, the general lighting of the 
front of the building would probably be better. 

Mr. Magdsick has dwelt upon the point of view of the pedes¬ 
trian as opposed to that of the automobilist. I am not sure 
that these viewpoints are essentially different. In the proposed 
lighting of a Cleveland street which he has described, I think 
we arrive at that class referred to in the paper in which esthetic 
considerations are of first importance. In such problems most 
of the questions discussed in the paper are of relatively less 
importance because there is so much light available that appli¬ 
cation to secure the best visibility is unnecessary. 

Dr. Whitehead has suggested that it might be possible to 
obtain the advantages which come with specular reflection 
from street surface and still avoid all glare effect. I think he 
will find that in cases where we have to take advantage of 
specular reflection, the spacings are so great that light must be 
allowed to emanate from the lamp at such a high angle that it 
will produce some glare. When the spacing is so short that the 
glare effect can be suppressed, there is so much light that ordinary 
exposure of lamps in diffusing glassware does not produce much 
glare. The work of Mr. A. J. Sweet ma^'' be-consulted with 
profit in this connection. 

Mr. Junkersfeld’sffiitation of objection on the part of residents 
to light on the upper stories of houses is mentioned in the paper 
as well. 

Mr. Baldwin implies that the depreciation during life, shown 
for flame arc lamps, is a bit too high. We have received criticisms 
from others that it is a trifle too low. If we may be permitted 
to average these criticisms, we will conclude that the figures 
shown in the paper are probably substantially typical. 
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